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Preface 


Approach This text is intended for undergraduate students in mathematics, 
physics, and engineering. We have attempted to strike a balance between the pure 
and applied aspects of complex analysis and to present concepts in a clear writing 
style that is understandable to students at the junior or senior undergraduate level. 
A wealth of exercises that vary in both difficulty and substance gives the text flex- 
ibility. Sufficient applications are included to illustrate how complex analysis is 
used in science and engineering. The use of computer graphics gives insight for 
understanding that complex analysis is a computational tool of practical value. The 
exercise sets offer a wide variety of choices for computational skills, theoretical 
understanding. and applications that have been class tested for two editions of the 
text. Student research projects are suggested throughout the text and citations are 
made to the bibliography of books and journal articles. 

The purpose of the first six chapters is to lay the foundations for the study of 
complex analysis and develop the topics of analytic and harmonic functions, the 
elementary functions, and contour integration. If the goal is to study series and the 
residue calculus and applications. then Chapters 7 and 8 can be covered. If con- 
formal mapping and applications of harmonic functions are desired, then Chapters 
9 and 10 can be studied after Chapter 6. A new Chapter |] on Fourier and Laplace 
transforms has been added for courses that emphasize more applications. 

Proofs are kept at an elementary level and are presented in a self-contained 
manner that is understandable for students having a sophomore calculus back- 
ground. For example, Green's theorem is included and it is used to prove the 
Cauchy-Goursat theorem. The proof by Goursat is included. The development of 
series is aimed at practical applications. 


Features Conformal mapping is presented in a visual and geometric manner so 
that compositions and images of curves and regions can be understood. Boundary 
value problems for harmonic functions are first solved in the upper half-plane so 
that conformal mapping by elementary functions can be used to find solutions in 
other domains. The Schwarz-Christoffel formula is carefully developed and appli- 
cations are given. Two-dimensional mathematical models are used for applications 
in the area of ideal fluid flow, steady state temperatures and electrostatics. Computer 
drawn figures accurately portray streamlines, isothermals, and equipotential curves. 

New for this third edition is a historical] introduction of the origin of complex 
numbers in Chapter 1. An early introduction to sequences and series appears in 
Chapter 4 and facilitates the definition of the exponential function via series. A new 
section on the Julia and Mandelbrot sets shows how complex analysis is connected 


ix 
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to contemporary topics in mathematics. Many sections have been revised including 
branches of functions, the elementary functions, and Taylor and Laurent series. New 
material includes a section on the Joukowski airfoil and an additional chapter on 
Fourier series and Laplace transforms. Modern computer-generated illustrations 
have been introduced in the third edition including: Riemann surfaces, contour and 
surface graphics for harmonic functions, the Dirichlet problem, streamlines in- 
volving harmonic and analytic functions, and conformal mapping. 
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Complex 
Numbers 


1.1. The Origin of Complex Numbers 


Complex analysis can roughly be thought of as that subject which applies the ideas 
of calculus to imaginary numbers. But what exactly are imaginary numbers? Usu- 
ally, students learn about them in high school with introductory remarks from their 
teachers along the following lines: ‘‘We can’t take the square root of a negative 
number. But, let’s pretend we can—and since these numbers are really imaginary, 
it will be convenient notationally to set i = J/-!.’ Rules are then learned for doing 
arithmetic with these numbers. The rules make sense. If i = ./— 1, it stands to reason 
that 7? = —1!. On the other hand, it is not uncommon for students to wonder all 
along whether they are really doing magic rather than mathematics. 

If you ever felt that way, congratulate yourself! You’re in the company of 
some of the great mathematicians from the sixteenth through the nineteenth centu- 
ries. They too were perplexed with the notion of roots of negative numbers. The 
purpose of this section is to highlight some of the episodes in what turns out to be 
a very colorful history of how imaginary numbers were introduced, investigated, 
avoided, mocked, and, eventually, accepted by the mathematical community. We 
intend to show you that, contrary to popular belief, there is really nothing imaginary 
about ‘‘imaginary numbers’’ at all. In a metaphysical sense, they are just as real as 
are ‘‘real numbers.’’ 

Our story begins in 1545. In that year the Italian mathematician Girolamo 
Cardano published Ars Magna (The Great Art), a 40-chapter masterpiece in which 
he gave for the first time an algebraic solution to the general cubic equation 


x + ar + bx +c=0. 


His technique involved transforming this equation into what is called a depressed 
cubic. This is a cubic equation without the x? term, so that it can be written as 


e+ bxt+ec= 0. 


Cardano knew how to handle this type of equation. Its solution had been 
communicated to him by Niccolo Fontana (who, unfortunately, came to be known 
as Tartaglia—the stammerer—because of a speaking disorder). The solution was 
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also independently discovered some 30 years earlier by Scipione de] Ferro of Bo- 
logna. Ferro and Tartaglia showed that one of the solutions to the depressed cubic 
is 


This value for x could then be used to factor the depressed cubic into a linear term 
and a quadratic term, the latter of which could be solved with the quadratic formula. 
So, by using Tartaglia’s work, and a clever transformation technique, Cardano was 
able to crack what had seemed to be the impossible task of solving the genera] cubic 
equation. 

It turns out that this development eventually gave a great impetus toward the 
acceptance of imaginary numbers. Roots of negative numbers, of course, had come 
up earlier in the simplest of quadratic equations such as x7 + | = 0. The solutions 
we know today as x = +./—1, however, were easy for mathematicians to ignore. 
In Cardano’s time, negative numbers were stil] being treated with some suspicion, 
so all the more was the idea of taking square roots of them. Cardano himself, al- 
though making some attempts to deal with this notion, at one point said that quan- 
tities such as \/— I were ‘‘as subtle as they are useless.’’ Many other mathematicians 
also had this view. However, in his 1572 treatise Algebra, Rafae] Bombeli showed 
that roots of negative numbers have great utility indeed. Consider the simple de- 
pressed cubic equation x7 — 15x — 4 = 0. Letting b = —15 and c = —4 in the 
‘*Ferro-Tartaglia’’ formula (1), we can see that one of the solutions for x is 


ea oe ae eae ee ae ae 


Bombeli suspected that the two parts of x in the preceding equation could be 
put in the form u + v./—1 and —u + v/—1 for some numbers u and v. Indeed, 
using the well-known identity (a + b)? = a + 3a°b + 3ab? 4+ Db’, and blindly 
pretending that roots of negative numbers obey the standard rules of algebra, we 
can see that 


(2) Q@+ JH1P = 2 + 302%)J/-1 + 32/1? + (=P 
=8+12/-1-6- /-1 
=2+N/-1 
=2+ /~121. 

Bombeli_reasoned that if (2 + /-1)) = 2 + /-121, it must be that 2 + /-1 


= 2/2 + /-121. Likewise, he showed -2 + /—1 = /-2 + /—121. But then 


we clearly have 
or (Dl == —121 = Py ie ja[pe 
(3) 2+ /-121 24+ /-121 = (24+ ¥-1) -(-2+ JY-1=4, 


and this was a bit of a bombshell. Heretofore, mathematicians could easily scoff at 
imaginary numbers when they arose as solutions to quadratic equations. With cubic 
equations, they no longer had this luxury. That x = 4 was a correct solution to the 
equation x* — 15x — 4 = 0 was indisputable, as it could be checked easily. However, 
to arrive at this very real solution, one was forced to detour through the uncharted 
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territory of ‘‘imaginary numbers.’’ Thus, whatever else one might say about these 
numbers (which, today, we call complex numbers), their utility could no Jonger be 
ignored. 

But even this breakthrough did not authenticate complex numbers. After all, 
a real number could be represented geometrically on the number line. What possible 
representation could these new numbers have? In 1673 John Wallis made a stab at 
a geometric picture of complex numbers that comes close to what we use today. He 
was interested at the time in representing solutions to general quadratic equations, 
which we shall write as x° + 2bx + c? = 0 so as to make the following discussion 
more tractable. Using the quadratic formula, the preceding equation has solutions 


x=—-b—- fb —ct and x= —-b+ Jb - c?. 
Wallis imagined these solutions as displacements to the left and right from 


the point —b. He saw each displacement, whose value was \/b* — c?, as the length 
of the sides of the right triangles shown in Figure 1.1. 


P (-b. 0) P, (0,0) 


FIGURE 1.1 Wallis’ representation of real roots of quadratics. 


The points P; and P2 in this figure are the representations of the solutions to 
our equation. This is clearly correct if b> — c? = 0, but how should we picture P, 
and P in the case when negative roots arise—i.e., when b? — c* < 0? Wallis 
reasoned that if this happened, b would be less than c, so the lines of length b in 
Figure 1.1 would no longer be able to reach all the way to the x axis. Instead, they 
would stop somewhere above it, as Figure 1.2 shows. Wallis argued that P, and P2 


should represent the geometric locations of the solutions x = —b — \/b* — c* and 
x=-—b+ ./b? — c* in the case when b? — c? < 0. He evidently thought that since 


b is shorter than c, it could no longer be the hypotenuse of the right triangle as it 
had been earlier. The side of length c would now have to take that role. 


(-b, 0) (0, 0) 


FIGURE 1.2 Wallis’ representation of nonreal roots of quadratics. 
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Wallis’ method has the undesirable consequence that — /—I is represented 
by the same point as is \/—1. Nevertheless, with this interpretation, the stage was 
set for thinking of complex numbers as “‘points in the plane.’’ By 1800, the great 
Swiss mathematician Leonard Euler (pronounced ‘‘oiler’’) adopted this view con- 
cerning the 7 solutions to the equation x” — | = 0. We shall learn shortly that these 
solutions can be expressed as cos 8 + \/—1 sin 0 for various values of @: Euler 
thought of them as being located at the vertices of a regular polygon in the plane. 
Euler was also the first to use the symbol i for /—1. Today, this notation is still 
the most popular, although some electrical engineers prefer the symbol j instead so 
that i can be used to represent current. 

Perhaps the most influential figure in helping to bring about the acceptance of 
complex numbers was the brilliant German mathematician Karl Friedrich Gauss, 
who reinforced the utility of these numbers by using them in his several proofs of 
the fundamental theorem of algebra (see Chapter 6). In an 1831 paper, he produced 
a clear geometric representation of x + iy by identifying it with the point (x, y) in 
the coordinate plane. He also described how these numbers could be added and 
multiplied. 

It should be noted that 1831 was not the year that saw complex numbers 
transformed into legitimacy. In that same year the prolific logician Augustus De 
Morgan commented in his book On the Study and Difficulties of Mathematics, *‘We 
have shown the symbol ./—a to be void of meaning, or rather self-contradictory 
and absurd. Nevertheless, by means of such symbols, a part of algebra is established 
which is of great utility.”” To be sure, De Morgan had raised some possible logical 
problems with the idea of complex numbers. On the other hand, there were sufficient 
answers to these problems floating around at the time. Even if De Morgan was 
unaware of Gauss’ paper when he wrote his book, others had done work similar to 
that of Gauss as early as 1806, and the preceding quote illustrates that ‘‘raw logic” 
by itself is often insufficient to sway the entire mathematical community to adopt 
new ideas. Certainly, logic was a necessary ingredient in the acceptance of complex 
numbers, but so too was the adoption of this logic by Gauss, Euler, and others of 
‘*sufficient clout.’” As more and more mathematicians came to agree with this new 
theory, it became socially more and more difficult to raise objections to it. By the 
end of the nineteenth century, complex numbers were firmly entrenched. Thus, as 
it is with any new mathematical or scientific theory, the acceptance of complex 
numbers came through a mixture of sociocultural interactions. 

But what is the theory that Gauss and so many others helped produce, and 
how do we now think of complex numbers? This is the topic of the next few sections, 


EXERCISES FOR SECTION 1.1 
1. Give an argument to show that —2 + J/=-l = Ry =—2+ /-121. 


2. Explain why cubic equations, rather than quadratic equations, played the pivotal role in 
helping to obtain the acceptance of complex numbers. 

3. Find all solutions to 27x* — 9x — 2 = 0. Hint: Get an equivalent monic polynomial, 
then use formula (1). 
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4, By inspection, one can see that a solution to x* - 6x + 4 = O is x = 2. To get an idea 
of the difficulties Bombeli had in establishing identities (2) and (3) in the text, try to 
show how the solution x = 2 arises when using formula (1). 

5, Explain why Wallis’ view of complex numbers results in — /—1 1 being ec alicg by 
the same point as is \/—1. 

6. Is it possible to modify slightly Wallis’ picture of complex numbers so that it fi con- 
sistent with the representation we use today? To assist in your investigation of this 
question. we recommend the following article: Norton, Alec, and Lotto, Benjamin, 
‘‘Complex Roots Made Visible,.’’ The College Mathematics Journal, Vol. 15 (3), June 
1984, pp. 248-249. 

7. Write a report on the history of complex analysis. Resources include bibliographical 
items 87, 105, and 179. 


1.2 The Algebra of Complex Numbers 


We have seen that complex numbers came to be viewed as ordered pairs of real 
numbers. That is, a complex number z is defined to be 


(1) z=(,y), 


where x and y are both real numbers. 

The reason we say ordered pair is because we are thinking of a point in the 
plane. The point (2, 3), for example, is not the same as (3, 2). The order in which 
we write x and y in equation (1) makes a difference. Clearly, then, two complex 
numbers are equal if and only if their x coordinates are equal and their y coordinates 
are equal. In other words, 


(x,y) = (uv) iff x =u and y=v. 


(Throughout this text, iff means if and only if.) 

If we are to have a meaningful number system, there needs to be a method for 
combining these ordered pairs. We need to define algebraic operations in a consis- 
tent way so that the sum, difference, product, and quotient of any two ordered pairs 
will again be an ordered pair. The key to defining how these numbers should be 
manipulated is to follow Gauss’ lead and equate (x, y) with x + iy. Then, by letting 
Z1 = (x1, y,) and z> = (x2, y2) be arbitrary complex numbers, we see that 


Z) + Zo = Oy. ¥1) + (2, ¥2) 
= (x) + iy) + G2 + fy2) 
= (x) + x) + i(y, + yo) 
= (4) + X2, ¥1 + y2). 


Thus, the following should certainly make sense: 


Definition for addition 


(2) 21+ 2 = (iy) + Or ¥2) 
= (x, + X2, y) + y2). 
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Definition for subtraction 


(3) Z1 — 22 = (Hy, vi) — Ge, y2) 
= (x) — %2, 1 — 2). 


EXAMPLE 1.1. If z, = (3, 7) and z = (5, —6), then 


z+ 22 = G, 7) + (5, —6) = (8, 1) and 
zy — z2 = (3,7) — (5, —6) = (—2, 13). 


At this point, it is tempting to define the product z,z2 as 1:22 = (%)%2, yiy2). It 
turns out, however, that this is not a good definition, and you will be asked in the 
problem set for this section to explain why. How, then, should products be defined? 
Again, if we equate (x, y) with x + iy and assume, for the moment, that i = V-1 
makes sense (so that i? = —1), we have 


2122 = (%1. ¥1)(X2. ¥2) 

(x) + iy) )(%2 + ky) 

xX_ + ixyy2 + ix, + iPyy2 
X1X2 — yiy2 + iryy2 + x2y1) 
(xi%2 — WiY2. Xiy2 + x2y1). 


Thus, it appears we are forced into the following definition. 


Definition for multiplication 


(4) z122 = (1, yi )(x2, ¥2) 
= (x1x2 — yiy2. X1¥2 + X2V1). 


EXAMPLE 1.2 Ifz, = (3,7) and z = (5, —6), then 
zz. = (3, 7)(5, —6) = (15 + 42, —18 + 35) = (57, 17). 


Note that this is the same answer that would have been obtained if we had used the 
notation z; = 3 + 7i and z. = 5 — 6i. For then 


ZZ2 = (3, 7G, —6) 
= (3 + 7i(5 — 6) 
15 — 18) + 35i — 4277 
15 — 42(-1) + (-18 + 35): 
= 57+ 17i 
= (57, 17). 
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Of course, it makes sense that the answer came out as we expected, since we used 
the notation x + iy as motivation for our definition in the first place. 


To motivate our definition for division, we will proceed along the same lines 
as we did for multiplication, assuming z2 # 0. 


zi Wy) 

22 . (¥2, ¥2) 
~. (x; + fy) 
(x2 + fy) 


At this point we need to figure out a way to be able to write the preceding quantity 
in the form x + iv. To do this, we use a standard trick and multiply the numerator 
and denominator by x2 — iy. This gives 


cr (tt ty) G2 = ty) 
2 (a2 + fy) G2 — ivy) 
X1X2 + yiy2 + Ux y2 + x2y1) 
x + y3 
Xyxg + iy. | X12 + 2) 
gty 84H 
ie tyiyy xy + Ss) 


i 


ie] a 
x2 + Ys 


Thus, we finaily arrive at a rather odd definition. 


Definition for division 


Zz Gy) 
Sy. a 
2 (, ya) 
XX. + yr Xr + ey 
= he eres pee ey . for 2 # 0. 
x3 + ¥% xy + 3 


ot 


, 


EXAMPLE 1.3 If z, = (3, 7) and z> = (5, —6), then 


n_ (3,7) _ {15-42 18+35\_ /-27 53 
] ~ \95 + 36'25+36/ \ 61 61)" 
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As we saw with the example for multiplication, we will also get this answer if we 
use the notation x + Ty: 


a @3.7) 

z (5, -6) 
347i 
~ 5 — 6i 
_ 3+ 75 + 6 
5 — 615 + 67 


15 + 187 + 35: + 427 
25 + 307 — 30% — 367? 
15 — 42 + (18 + 35) 


25 + 36 
_ -27 53 
ear ae 3 


The technique most mathematicians would use to perform operations on com- 
plex numbers is to appeal to the notation x + iy and perform the algebraic manip- 
ulations, as we did here, rather than to apply the complicated looking definitions we 
gave for those operations on ordered pairs. This is a valid procedure since the 
x + iy notation was used as a guide to see how we should define the operations in 
the first place. It is important to remember, however, that the x + jy notation is 
nothing more than a convenient bookkeeping device for keeping track of how to 
manipulate ordered pairs. It is the ordered pair algebraic definitions that really form 
the foundation on which our complex number system is based. In fact, if you were 
to program a computer to do arithmetic on complex numbers, your program would 
perform calculations on ordered pairs, using exactly the definitions that we gave. 

It turns out that our algebraic definitions give complex numbers al] the prop- 
erties we normally ascribe to the real number system. Taken together, they describe 
what algebraists call a field. In formal terms, a field is a set (in this case, the complex 
numbers) together with two binary operations (in this case, addition and multipli- 
cation) with the following properties: 


(P1) Commutative law for addition: z, + z: = z; + z;. 
(P2) Associative law for addition: z, + (zz + 23) = (z; + z2) + 23. 


(P3) Additive identity: There is a complex number o such that z + w = z for all 
complex numbers z. The number » is obviously the ordered pair (0, 0), 


(P4) Additive inverses: Given any complex number z, there is a complex 
number 7] (depending on z) with the property that z + n = (0, 0). 
Obviously, if z = (x, vy) = x + iy, the number n will be 
(—x, —y) = —x — iy. 
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(P5) Commutative law for multiplication: zz. = zz). 
(P6) Associative law for multiplication: z)(z2z3) = (z)z2)z3. 


(P7) Multiplicative identity: There is a complex number € such that <¢ = z for 
all complex numbers z. It turns out that (1, 0) is the complex number C with 
this property. You will be asked to verify this in the problem set for this 
section. 


(P8) Multiplicative inverses: Given any complex number < other than the 
number (0, 0), there is a complex number (depending on z) which we shall 
denote by z~! with the property that zz~! = (1, 0). Given our definition for 

(1, 0) 


You will be asked to confirm this in the problem set for this section. 


division, it seems reasonable that the number z~! would be z~? = 


(P9) The distributive law: 2,;(z. + z3) = z)Z2 + 2123. 
None of these properties is difficult to prove. Most of the proofs make use of 


corresponding facts in the real number system. To illustrate this, we give a proof of 
property P1. 


Proof of the commutative law for addition Let z,; = (4, y,) and 
Z2 = (X2, y2) be arbitrary complex numbers. Then, 
Z) + 22 = (a1, 1) + 2, v2) 
= (x1 + x2, y) + y2) (by definition of addition of complex numbers) 
= (x2 + x), ¥2 + y)) (by the commutative law for real numbers) 


(x2. y2) + GX), ¥1) (by definition of addition of complex numbers) 


=z + Z. 


The real number system can actually be thought of as a subset of our complex 
number system. To see why this is the case, let us agree that since any complex 
number of the form (ft, 0) is on the x axis, we can identify it with the real number ¢. 
With this correspondence, it is easy to verify that the definitions we gave for ad- 
dition, subtraction, multiplication, and division of complex numbers are consistent 
with the corresponding operations on real numbers. For example, if x, and x2 are 
real numbers, then 


XiX2 = (x1, 0), 0) (by our agreed correspondence) 
= (xx. — 0,0 +0) (by definition of multiplication of complex numbers) 
= (X1X2, 0) (confirming the consistency of our correspondence). 


It is now time to show specifically how the symbol i relates to the quantity 
J/-1 . Note that 


(0, 1)? = (0, 1)(0, 1) 
= (0 — 1,0 + 0) (by definition of multiplication of complex numbers) 
(-1, 0) 


=—-il (by our agreed correspondence). 


Ul 
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If we use the symbol i for the point (0, 1), the preceding gives i? = (0, 1)? = —1, 
which means i = (0, 1) = J 1. So, the next time you are having a discussion with 
your friends, and they scoff when you claim that /—1 is not imaginary, calmly put 
your pencil on the point (0, 1) of the coordinate plane and ask them if there 
is anything imaginary about it. When they agree there isn’t, you can tell them 
that this point, in fact, represents the mysterious fm: in the same way that (1, 0) 
represents 1. 

We can also see more clearly now how the notation x + iy equates to (x, y). 
Using the preceding conventions, we have 


(by our previously discussed conventions, 

ic., x = (x, 0), ete.) 

= (x, 0) + (0, y) (by definition of multiplication of complex numbers) 
= (x, y) (by definition of addition of complex numbers), 


x + iy = @, 0) + (0. 1)Cy, 0) 


Thus, we may move freely between the notations x + éy and (x, y), depending on 
which is more convenient for the context in which we are working. 

We close this section by discussing three standard operations on complex 
numbers. Suppose z = (x, y) = x + iy is a complex number. Then: 


(i) The real part of z, denoted by Re(z), is the rea] number x. 
(ii) The imaginary part of z, denoted by Im(z), is the real number y, 


(iii) The conjugate of z, denoted by Z, is the complex number (x, —y) = x — iy. 


EXAMPLE 1.4 Re(—3 + 7/) = —3 and Re[(9, 4)] = 9. 
EXAMPLE 1.5 Im(-3 + 71) = 7 and Im[(9, 4)] = 4. 
EXAMPLE 1.6 —3 +47; = -3 — 7i and (0,4 = (9, —4). 


The following are some important facts relating to these operations that you 
will be asked to verify in the exercises: 


zt+é 


(6) Re(z) = =" 


rs 
(7) Im(z) = yO 
(8) (+) Sk. Ee 
2 22 


(10) 
(i) 
(12) 
(13) 
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Re(iz) = —Im(z). 
Im(iz) = Re(z). 


Because of what it erroneously connotes, it is a shame that the term imaginary 


is used in definition (ii). Gauss, who was successful in getting mathematicians to 
adopt the phrase complex number rather than imaginary number, also suggested that 
we use /ateral part of z in place of imaginary part of z. Unfortunately, this sugges- 


tion 


dow 


never caught on, and it appears we are stuck with the words history has handed 
n to us. 


EXERCISES FOR SECTION 1.2 

1. Perform the required calculation and express the answer in the form a + ib. 

(a) (3 — 2f) — (4 + Sz) (b) (7 — 27)(3% + 5) 
() + )2 + 9B +) (d) (3 + )A2 + 1) 
(e) (GF - 15 (f) 
1+2) 4-3) 
= h) (1 + 4) 

(g) any take ear (h) ( ) 

. 4-—)d ~ 3d is Sa e  aye Tak 
(i) ae G) d+ i/3i + /3) 

2. Find the following quantities. 

ta) Re[(i + D2 + D] (b) Im[2 + DB + JI 
4-3i 1+ 2) 

(c) re( ei *) (d) im( 3 > 2) 

(e) Rel(i — 19°) (f) Im[( + A) 7) 

ee 

ois SE Ea I 

(g) Rel(a, — m1)"] (h) m( = -) 

(i) Rel, + iy)@ — )] (j) Im[() + oF) 

3, Verify identities (6) through (13) given at the end of this section. 

4, Let z) = (x, ¥)) and z2 = (x2, v2) be arbitrary complex numbers. Prove or disprove the 
following. 

(a) Re(z) + 22) = Re(z)) + Re(z2) (b) Re(ziz2) = Re(z))Re(z2) 
(c) Im(z) + 22) = Im(z,) + Im(z2) (d) Im(z)z2) = Im(z))Im(z2) 

5, Prove that the complex number (1, 0) (which, you recall, we identify with the real 
number 1) is the multiplicative identity for complex numbers. Hint: Use the (ordered 
pair) definition for multiplication to verify that if < = (x, y) is any complex number, 
then (x, y)(1, 0) = (, y). 

as ve : (1,0) [. ] 
6. Verify that if z = (x, y), with x and v not both 0, then z-' = ——fie.z! = —], 
z ray 
. ; ects «wee aoe ee (1, 0) : 
Hint: Use the (ordered pair) definition for division to compute z~! = a Then, with 
the result you obtained, use the (ordered pair) definition for multiplication to confirm 
that cz-' = (1, 0). 
7. Show that zz is always a real number. 
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: ! 
8. From Exercise 6 and basic cancellation laws, it follows that z7-' = — = 


merator here, z, is trivial to calculate, and since the denominator zz is a real number 
(Exercise 7), computing the quotient Z/(zz) should be rather straightforward. Use this 
fact to compute z~! if z = 2 + 3/ and again if z = 7 — Si. 

9. Explain why the complex number (0, 0) (which, you recall, we identify with the rcal 
number 0) has no multiplicative inverse. 

10. Let's use the symbol « for a new type of multiplication of complex numbers defined by 
21 * Z2 = (X)X2, ¥¥2). This exercise shows why this is a bad definition. 

(a) Using the definition given in property P7, state what the new multiplicative identity 
would be for this new multiplication. 

(b) Show that if we use this new multiplication, nonzero complex numbers of the form 
(0, a) have no inverse. That is, show that if z = (0. a), there is no complex number 
z ' with the property that zz-' = €, where C is the multiplicative identity you found 
in part (a). 

11. Show, by equating the real numbers x; and x2 with (x), 0) and (x2, 0), that the complex 
definition for division is consistent with the real definition for division. Hint: Mimic the 
argument the text gives for multiplication. 

12. Prove property P9, the distributive law for complex numbers. 

13. Complex numbers are ordered pairs of real numbers. Is it possible to have a number 
system for ordered triples, quadruples. etc., of real numbers? To assist in your investi- 
gation of this question, we recommend bibliographical items 1, 132, 147, and 173. 

14. We have made the statement that complex numbers are, in a metaphysical sense. just 
as real as are rea] numbers. But in what sense do numbers exist? I1 may surprise you 
that mathematicians hold a variety of views with respect to this question. Write a short 
paper summarizing the various views on the theme of the existence of number. 


. The nu- 


4 [eal 


1.3. The Geometry of Complex Numbers 


Since the complex numbers are ordered pairs of real numbers, there is a one-to-one 
correspondence between them and points in the plane. In this section we shall see 
what effect algebraic operations on complex numbers have on their geometric 
representations. 

The number z = x + iy = (x, y) can be represented by a position vector in the 
xy plane whose tail is at the origin and whose head is at the point (x. v). When the 
xy plane is used for displaying complex numbers, it is called the complex plane, or 
more simply, the z plane. Recall that Re(z) = x and Im(z) = y. Geometrically, Re(z) 
is the projection of z = (a, y) onto the x axis, and Im(z) is the projection of z onto 
the y axis. It makes sense, then, that the x axis is also called the rea/ ax/s, and the 
y axis is called the imaginary axis, as Figure 1.3 illustrates. 


Imaginary axis 
7 


x Real axis 


x, 


FIGURE 1.3 The complex plane. 
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Addition of complex numbers is analogous to addition of vectors in the plane. 
As we saw in Section 1.2, the sum of 2) = x, + iy) = (4, ¥)), and 22 = 42 + iyo = 
(x2, ¥2) is (4) + x2, ¥) + vo). Hence, 2; + 22 can be obtained vectorially by using 
the parallelogram law, which Figure !.4 illustrates. 


’ [Copy of vector z, 
(positioned at the tail of vector z,). 
3,4 2) 
Cea 4 |Copy of vector ¢, 


27 [positioned at the tail of vector z,). 


FIGURE 1.4 The sumz, + z. 


The difference z,; — z; can be represented by the displacement vector from the 
point z> = (x2, v2) to the ee Zz) = &, y1), as Figure 1.5 shows. 


[Copy of vector z,- z, 
|(positioned at the tail of z,). 


J — ices of vector -z, 


x \(positioned at the tail of vector z,). 


FIGURE 1.5 The difference z, — zp. 


The modulus, or absolute value, of the complex number z = x + iy is a 
nonnegative real number denoted by |<| and is given by the equation 


(|| = VP Fe. 


The number |z| is the distance between the origin and the point (x, y). The only 
complex number with modulus zero is the number 0. The number z = 4 + 37 has 
modulus 5 and is pictured in Figure 1.6. The numbers |Re(z)|. |Im(z)| 
are the lengths ss the sides of the right triangle OPQ, which is shown in Figure 1.7. 
means that the point z, is closer to the origin than the 


ao 


point 2, and it follows that 


@ [x] = [Ree < Jz] and |y| = [Ime] = |; 


a 
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0 =(0.0) Q=(%,0) 
FIGURE 1.6 The real and imaginary FIGURE 1.7 The moduli of z and its 
parts of a complex number. components. 


Since the difference z) — z. can represent the displacement vector from zz to z), it 
is evident that the distance between z, and z2 is given by es -— 2 le This can be 
obtained by using identity (3) of Section 1.2 and definition (1) to obtain the familiar 
formula 


(3) dist(z). 22) = [z) — <2 


= J(x) — 42)? + (1 — 2). 


if z = (x, y) = x + ty, then —z = (—x, —y) = —x — fy is the reflection of z 
through the origin, and Z = (x, —y) = x — ty is the reflection of z through the x 
axis, as is illustrated in Figure 1.8. 


FIGURE 1.8 The geometry of negation and conjugation. 


There is a very important algebraic relationship which can be used in estab- 
lishing properties of the absolute value that have geometric applications. Its proof 
is rather straightforward, and it is given as Exercise 3. 


(4) |< 


A beautiful application of equation (4) is its use in establishing the triangle 
inequality, Figure 1.9 illustrates this inequality, which states that the sum of the 
lengths of two sides of a triangle is greater than or equal to the length of the third 
side. 


“ 


=7 
ae 
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(5) The triangle inequality: |Z + als [zi | + |Z2]- 
Proof 
[21+ zoP = (i + 22) Gy F zy) (by equation (4)) 
= (ey: 2a) Gy ee) (by identity (9) of Section 1.2) 
= UZ + 222 4 Zotz + 2022 
= |Z, F + 2,22 + ZZ + | > P (by equation (4) and the commutative law) 


ll 


[2 P + 21% + (212) + [cof (by identities (10) and (11) of Section 1.2) 
2+ 2Re(213) + |z2[? (by identity (6) of Section 1.2) 


it 


21 


< |x +2|ReGiz)| + oP 
= zi ? +2 | 2122 + |z2 FE (by equations (2)) 
= (fz: | + [z |). 


Taking square roots yields the desired inequality. 


FIGURE 1.9 The triangle inequality. 


EXAMPLE 1.7 To produce an example of which Figure 1.9 is a reasonable 
illustration, Jet z} = 7 + j and z. = 3 + Si. Then lz: | = /49+ 1 = /50 and 
| <2 = /94+25 = /34. Clearly, z} + z: = 10 + 6%, hence |Z + 23 
./100 + 36 = \/136. In this case, we can verify the triangle inequality without 
recourse to computation of square roots since 


= /136 = 2/34 = /34 4+ /34< /50+ J34 = |x] + fal. 


|Z + 22 


Other important identities can also be established by means of the triangle 
inequality. Note that 


Ja} = 


Subtracting from the left and right sides of this string of inequalities 
gives an important relationship that will be used in determining lower bounds of 
sums of complex numbers. 


<2 
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a2]- 


(6) Jata 


= |z: | = 


From equation (4) and the commutative and associative laws it follows that 
leyzo P= (crea Ee2) = (i222) = [ar Pla P. 


Taking square roots of the terms on the left and right establishes another important 
identity. 


(7) | ziz2| = lz | |z2|. 


AS an exercise, we ask you to show 


a 


(8) provided z, # 0. 


=| 


. 
42 | z2 | 


EXAMPLE 1.8 ifz, = 1 + 2iand z, = 3 + 2i, then |z)| = /1 +4 = J/5 
and = /9+4 = /13. We_also see that z)z2 = —I + 8i, hence 
| ziz2 | V1 + 64 = /65 = /5./13 = lz: | 


£2 


<2 


Figure 1.10 illustrates the multiplication given by Example 1.8. It certainly 
appears that the length of the z;z2 vector equals the product of the lengths of z, and 
Zy, confirming equation (7), but why is it located in the second quadrant, when both 
z, and zp are in the first quadrant? The answer to this question will become apparent 
in Section 1.4. 


FIGURE.1.10 The geometry of multiplication. 


EXERCISES FOR SECTION 1.3 


1. Locate the numbers z, and z» vectorially, and use vectors to find z; + z: and z,; ~ 22 
when 
(a) zz) =24+ 3iandza =4+i 
(b) = -i+ 2i and z2 =—-2+3) 


(c) 7p = 14+ i8andz = -14+i173 
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2. Find the following quantities. 
re ; 4-3 
(ay JU + 2+ | ow |S] (ce) [d+ | 
(d) |ez|,wherez=x+ iy (e) fz-1f 
3. Prove identities (4) and (8). 
4. Determine which of the following points lie inside the circle |z — i| = 1. 
(a) 4. + i (b) 1+ = 
{c) aS if? @= enya 
2 2 air 
5. Show that the point (z; + z2)/2 is the midpoint of the line segment joining z, to z2. 
6. Sketch the set of points determined by the following relations. 
(a) Jz + 1-2i| =2 (b) Re(z + 1) =0 
(c) |z + 27| <1 (d) Im(z ~ 2/) > 6 
7. Show that the equation of the line through the points z, and z> can be expressed in the 
form z = 2; + "z> — z,;) where f is a rcal number. 
8. Show that the vector z, is perpendicular to the vector z2 if and only if Re(z,;Z3) = 0. 
9. Show that the vector z, is parallel to the vector z> if and only if Im(z)z3) = 0. 
10. Show that the four points z, z, —z. and —z are the vertices of a rectangle with its center 
at the origin. 
11. Show that the four points z, iz, —z, and —iz are the vertices of a square with its center 
at the origin. 
12. Prove that /2|z| = |Re(z)| + |Im(z)|. 
13. Show that |z) — 22| < Jzi| + [zo]. 
14. Show that |cizozx| = |z:| | 22] |=]. 
15. Show that |z"| = |z|" where 7 is an integer. 
16. Show that | |zi| - | z2| | < fz - z2|. 
17, Prove that |z| = 0 if and only if z = 0. 
18. Show that z)Z2 + Z)z2 is a real number. 


20. 
21, 


22. 


23. 


24. 


. If you study carefully the proof of the triangle inequality, you will note that the reasons 


. Under what conditions will these two 


for the inequality hinge on Re(z)z2) S | xZ 
quantities be equal, thus turning the triangle inequality into an equality? 
Prove that zi — 2 | 2 Jz |? — 2 Re(z\z) + 2 
Use mathematical induction to prove that 


<2 


a 


al. 


Let z, and z2 be two distinct points in the complex plane. Let K be a positive real con- 
stant that is greater than the distance between z, and z2. Show that the set of points 
fz: |z-— zi] + = K) is an ellipse with foci z; and zp. 

Use Exercise 22 to find the equation of the ellipse with foci £2 that goes through the 
point 3 + 2:. 

Use Exercise 22 to find the equation of the cllipse with foci +3/ that goes through the 
point 8 — 32. 


- 
“& a2 
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25. Let z, and zz be two distinct points in the complex plane. Let K be a positive real con- 
stant that is less than the distance between z, and z>. Show that the set of points 
fee | \ecea| = | = K} is a hyperbola with foci z, and zp. 

26. Use Exercise 25 to find the equation of the hyperbola with foci £2 that goes through 
the point 2 + 34. 

27. Use Exercise 25 to find the equation of the hyperbola with foci +25 that goes through 
the point 7 + 247. 

28. Write a report on how complex analysis is used to understand Pythagorean triples. 
Resources include bibliographical items 94 and 97. 


Zo 22 
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In Section 1.3 we saw that a complex number z = x + fy could be viewed as a 
vector in the xy plane whose tail is at the origin and whose head is at the point (x, 
y). A vector can be uniquely specified by giving its magnitude (i.e., its length) and 
direction (i.e., the angle it makes with the positive x axis). In this section, we focus 
on these two geometric aspects of complex numbers. 

Let r be the modulus of z (i.e., r = |z|). and let 0 be the angle that the line 
from the origin to the complex number z makes with the positive x axis. Then as 
Figure 1.11 shows, 


(1) z=(rcos 0,rsin 8) = r(cos 6 + / sin 8). 


(yy) =x + ty 
(r cos 8, rsin 9) = r(cus @ + / sin 8) 


FIGURE 1.11 Polar representation of complex numbers. 


Identity (1) is known as a polar representation of z, and the values r and 6 are called 
polar coordinates of z. The coordinate ® is undefined if z = 0, and as Figure 1.11 
shows, 8 can be any value for which the identities cos 8 = x/r and sin 8 = y/r hold 
true. Thus, @ can take on an infinite number of values for a given complex number 
and is unique only up to multiples of 2m. We call @ an argument of z, and use the 
notation @ = arg <z. Clearly, 


2) @=arg<=arctan> ifx #0, 

x 
but we must be careful to specify the choice of arctan(y/x) so that the point z cor- 
responding to r and @ lies in the appropriate quadrant. The reason for this is that 
tan 8 has period m, whereas cos @ and sin @ have period 27. 
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EXAMPLE 1.9 
13 1 
V3 + i= 2cos% + i2sin-— = 2 cos — + 22 sin 


=2 cos( = + 2x) + 72 sin( = + ann), 


where n is any integer. 


EXAMPLE 1.10 ifz = —/3 - i, then 


r= |z| = |-V/3-i| =2 and 
a pm 
-/3 6 


8 = arctan ~ = arctan , so 
x 


70 70 
—~—/3 —i=2cos— + i2 sn — 
1 Cc 6 t 1 6 
7" 70 
= 2. cos( 7 + 2nn) +2 sn( + 2nn), 


where n is any integer. 


If Oo is a value of arg z, then we can display all values of arg z as follows: 
(3) arg z = 0) + 2mk, where k is an integer. 


For a given complex number z ~# 0, the value of arg z that lies in the range 
—nm <6 mis called the principal value of arg z and is denoted by Arg z. Thus, 


(4) Argz=90, where-n7< O07. 
Using equations (3) and (4) we can establish a relation between arg z and Arg z: 
(5) arg z= Argz+ 27k, where k is an integer. 


As we shall see in Chapter 2, Arg z is a discontinuous function of z because it 
‘‘jumps’’ by an amount of 27 as z crosses the negative real axis. 

In Chapter 5 we will define e* for any complex number z. You will see that 
this complex exponential has all the properties of real exponentials that you studied 
in earlier mathematics courses. That is, e*' e2 = e1*", and so forth. You will also 
see that if z = x + iy, then 


(6) e& =e = e(cos y + isiny). 


We will use these facts freely from now on, and will prove the validity of our actions 
when we get to Chapter 5. 

If we set x = O and let @ take the role of y in equation (6), we get a famous 
equation known as Euler’s formula: 


(7) e® = (cos 8 + 7 sin 8) = (cos 8, sin 8). 


20 Chapter 1 Complex Numbers 


If 6 is a real number, e‘* will be located somewhere on the circle with radius 
1 centered at the origin. This is easy to verify since 


(8) [e®| = /cos’® + sin’6 = 1. 


Figure 1.12 illustrates the location of the points e” for various values of 8. 


e™=(-1, 0) =-]1 3) = 1,8; 
e™=(1, =] 


The unit circle 


FIGURE 1.12 The location of e” for various values of 6. 


Notice that when 6 = 7, we get e’" = (cos 7, sin m) = (—1, 0) = —1, so 
(9) e™+1=0. 


Euler was the first to discover this relationship. It has been labeled by many as the 
most amazing equation in analysis, and with good reason. Symbols with a rich 
history are miraculously woven together—the constant z discovered by Hippocrates; 
e the base of the natural logarithms; the basic concepts of addition (+) and equality 
(=); the foundational whole numbers 0 and 1; and i, the number that is the central 
focus of this book. 

Euler’s formula (7) is of tremendous use in establishing important algebraic 
and geometric properties of complex numbers. As a start, it allows us to express 
a polar form of the complex number z in a more compact way. Recall that if 


r= jz| and 0 = arg z, then z = 7(cos 8 + i sin ®). Using formula (7) we can now 
write z in its exponential form: 

(10) z= re®. 

EXAMPLE 1.11 With reference to Example 1.10, with z = —/3 — i, we 


have z = 2e‘7/), 


Together with the rules for exponentiation that we will verify in Chapter 5, 
equation (10) has interesting applications. If z) = rye! and z2 = re, then 


Q1) 0 zy22 = rye rze2 = ryrze1t "D) = ry r2[cos(®; + 62) + i sin(8; + 82)]. 
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Figure 1.13 illustrates the geometric significance of equation (11). We have already 
seen that the modulus of the product is the product of the moduli; that is, 
{2iz2| = |z:{(z2|. Identity (11) establishes that an argument of z,z, is an argument 
of z, plus an argument of 22; that is, 


(12) arg(z)z2) = arg z; + arg z2. 


This fact answers the question posed at the end of Section 1.3 regarding why the 
product z,;z. was in a different quadrant than either z) or z2. This also offers an 
interesting explanation as to why the product of two negative real numbers is a 
positive real number—the negative numbers, each of which has an angular displace- 
ment of m radians, combine to produce a product which js rotated to a point whose 
argument is m + ™ = 2m radians, coinciding with the positive real axis. 


1 1 
3) zl= Seesaw) + ¢sin(-—6)] = a, 


Notice also that 
(14) Z= (cos 8 — isin 9) = r[cos(—8) + i sin(—9)] = re~® and 


4 a fe Lae = rl i(8,-04) 
(15) — = —|[cos(8; — 82) + i sin(®,; — 82)] = —ell?inl, 


Z2 2 2 


If z is in the first quadrant, Figure 1.14 shows the numbers z, Z, and z~! in the case 
where |z| < 1. Figure 1.15 depicts the situation when Sh: 


x 
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The unit circle 


FIGURE 1.14 Relative positions of z, z, and z~', when |z| <1. 


The unit circle 


FIGURE 1.15 Relative positions of z, Z. and z~', when |z| > 1. 


EXAMPLE 1.12 If: =5 + 12), thenr = 13 and z-! = 3[4 — (12i/13)] has 


modulus 5. 


EXAMPLE 1.13 If z,; = 8/ and z. = 1 + i/3, then the polar forms are 
z) = 8[cos(n/2) + i sin(m/2)) and zz = 2[cos(a/3) + i sin(7/3)}. So we have 


Sr Bf Tee Ge IN cal eg Mea 
a 2 cos 3 = 3 ism 2 — 3 _ aie) ee ee 
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EXERCISES FOR SECTION 1.4 


1. 


13. 


Find Arg z for the following values of z. 

(a) 1} - i eee eA (Q4aT 4737 
ra 2 2 

(4) d- 4 (e) 1418 (f) ra] 

(g) Una (h) (1 + i¥31 + 8 

at : 

Represent the following complex numbers in polar form. 

(a) —4 (b) 6 — Gi (c) -7i 

23:43:49; 5 

(d) —2,/3 - 2i (e) a-i (f) i4 JB 

(g) (5 + 51% (h) 34+ 44 

Express the following in a + ib form. 

(a) eile (b) 4de inf2 (c) 8et3 

(d) -2e” (e) 2ie in (f) 6e?*Bem 

(g) ee" (h) e™4e-* 

Use the exponential notation to show that 

(a) (V3 — DU + 1¥3) = 273 + 2i (b) (1 + i? = -2 + 2 

(c) 24/3 + HU + 1/3) = -8 (d) Bl + ) = 4 - 4i 


Show that arg(z)z2z3) = arg z; + arg z2 + arg z3. Hint: Use property (12). 

Let < = \/3 + i. Plot the points z, iz, —z, and —iz and describe a relationship among 
their arguments. 

Let z) = —1 + iJ3 and z. = -/3 + i, Show that the equation 

Arg(zizz) = Arg z) + Arg z2 does not hold for the specific choice of z, and zp. 

Show that the equation Arg(z,z2) = Arg z, + Arg z2 is true if we require that 

—n/2 < Arg z, < n/2 and —n/2 < Arg z2 < 1/2. 

Show that arg z, = arg z2 if and only if z2 = cz,, where c is a posilive real constant. 
Establish the identity arg(z)/z2) = arg z; — arg <2. 


. Describe the set of complex numbers for which Arg(1/z) # — Arg(z). 
» Show that arg(i/z) = —arg z. 


Show thal arg(z)Z2) = argc) — arg Z2. 
Show that 
(a) Arg(zz) = 0 (b) Arg(z + Zz) = O when Re(z) > 0. 


. Let z # z. Show that the polar representation z — z) = p(cos > + i sin >) can be used 


to denote the displacement vector from zp to z as indicated in Figure 1.16. 


. Let z), z2, and z3 form the vertices of a triangle as indicated in Figure 1.17. Show that 


a= are(2 =) = arg(z2 — 21) — arg(z; — 21) 


7. — 


43 “al, 


is an expression for the angle at the vertex z). 
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FIGURE 1.16 Accompanies Exercise 15. FIGURE 1.17 Accompanies Exercise 16. 


1.5 The Algebra of Complex Numbers, Revisited 


The real numbers are deficient in the sense that not all algebraic operations on them 
produce real numbers. Thus, for ,/—1 to make sense, we must lift our sights to the 
domain of complex numbers. Do complex numbers have this same deficiency? That 
is, if we are to make sense out of expressions like \/1 + i, must we appeal to yet 
another new number system? The answer to this question is ne. It turns out that any 
reasonable algebraic operation we perform on complex numbers gives us complex 
numbers. In this respect, we say that the complex numbers are complete. Later we 
will learn how to evaluate complicated algebraic expressions such as (— !)/. For now 
we will be content to study integral powers and roots of complex numbers. 

The important players in this regard are the exponential and polar forms of a 
complex number, z = re = r(cos 8 + i sin 6). By the laws of exponents (which, 
you recall, we have promised to prove in Chapter 5!) we clearly have 


(1) zt = (re) = r'e™ = r"[cos(n8) + i sin(n8)], and 


(2) 20" = (re®)-" = r"e-?*® = ¢-*[cos(—nB) + 7 sin(—n8)]. 
EXAMPLE 1.14 Show that (~V3 — i)? = -8: in two ways. 
Solution 1 We appeal to the binomial formula and write 


(- ¥3 — i)3 = (-V3)3 + 3(-V3)2(-i) + 3(-V3)(-i)? + (-i)3 = -83. 


Solution 2 Using identity (1) and Example 1.11, we have 


7K 3 jin 
(-V3~i3 = (2-*' = (2. *) = 8 (cos 28 +isin212) = Bi, 


Which of these methods would you use if you were asked to compute 


ee eee ae 
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EXAMPLE 1.15 Evaluate (— 3 — i)-°. 


In \ -6 
Solution (-/3-i)*= (2*) = 2--m = 2-&(—]) = -z. 


An interesting application of the laws of exponents comes from putting the 
equation (e’*)” = e””® into its polar form. This gives 


(3) (cos @ + isin 6)" = (cos nO + / sin nO), 


which is known as De Moivre’s formula, in honor of the French mathematician 
Abraham De Moivre (1667-1754). 


EXAMPLE 1.16 De Moivre’s formula (3) can be used to show that 
cos 56 = cos°6 — 10 cos?@ sin?6 + 5 cos 8 sin?0. 


If we let n = 5, and use the binomial formula to expand the left side of equation 
(3), then we obtain 


cos°6 + 75 cos*@ sin 8 — 10 cos?@ sin7@ — 10/ cos?@ sin?8 
+ 5cos @ sin*® + / sind. 


The real part of this expression is 
cos°® — 10 cos*8 sin?8 + 5 cos @ sin*é. 


Equating this to the real part of cos 56 + i sin 58 on the right side of equation (3) 
establishes the desired result. 


A key ingredient in determining roots of complex numbers turns out to be a corollary 
to the fundamental theorem of algebra. We will prove the theorem in Chapter 6, 
Our proofs must be independent of conclusions we derive here since we are going 
to make use of the corollary now: 


Corollary 1.1. (Corollary to the fundamental theorem of algebra) If P(z) is 
a polynomial of degree n (n > 0) with complex coefficients, then the equation 
P(z) = 0 has precisely n (not necessarily distinct) solutions. 


EXAMPLE 1.17 Let P(z) = 2? + (2 - 2i)z? + (-1 - 4i)z - 2. This poly- 
nomial of degree 3 can be written as P(z) = (z - {)?(z + 2), Hence, the equation 
P(z) = 0 has solutions z; = i, Z2 = i, and z; = —2. Thus, in accordance with 
Corollary 1.1, we have three solutions, with z, and z, being repeated roots. 
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The corollary to the fundamental theorem of algebra implies that if we can find n 
distinct solutions to the equation z” = c (or 2” — c = Q), we will have found all the 
solutions, We begin our search for these solutions by looking at the simpler equation 


z" = 1. You will soon see that solving this equation will enable us to handle the 
more general one quite easily. 
To solve z" = 1, let us first note that from identities (5) and (10) of Section 


1.4 we can deduce an important condition determining when two complex numbers 
are equal. Let <) = rye! and z; = re’. Then. 


(4) z, = 2 (ie, re) = me) iff r; =r. and 8, = 8. 4 2k, 


where k is an integer. 

That is, two complex numbers are equal if and only if their moduli agree, and 
an argument of one equals an argument of the other to within an integral multiple 
of 22. Now, suppose z = re’® is a solution to z” = 1. Putting the latter equation in 
exponential form gives us r”e’"® = 1 - e’°, so relation (4) implies 


r° =] and nO =0 + 2mk, 


; ; an 27k 
where k is an integer. Clearly, for z = re’*, if r= 1, and 8 = ——, we can generate 
n 


n distinct solutions to z" = | (and, therefore, al! solutions) by setting k = 0, 1, 2, 
. ,” — 1, (Note that the solutions fork =n,n+1,.. . , merely repeat those 

fork = 0, 1,.. . , since the arguments so generated agree to within an integral 

multiple of 27.) As stated in Section |.1, the 7 solutions can be expressed as 


jank 2mk a 21k a 
(5) y%=e” =cos—-+isin—, fork=O0,1....,n- 1. 
n n 


They are called the nth roots of unity. The value w, given by 


jan 2n _ 20 
(6) ow, = e” =cos— + isin— 
n n 
is called a primitive nth root of unity. By De Moivre’s formula, the nth roots of 
unily can be expressed as 
(7) 1, @,, 07,. 2.5077), 


n? n 


Geometrically, the nth roots of unity are equally spaced points that lie on the unit 
circle {z: [z| = 1} and form the vertices of a regular polygon with n sides. 


EXAMPLE 1.18 The solutions to the equation z° = | are given by the 8 values 


oak 20k 27k 
nae’ = cos ~ + isin=~, fork = 0, 1,. wees 


In Cartesian form these solutions are +1, +7, +( ee, + i/2)/2, and +( J - i /2y2. 
From expressions (7) it is clear that w, = z,. Figure 1.18 gives an illustration of 
this. 
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FIGURE 1.18 The eight cighth roots of unity. 


The preceding procedure is easy to generalize in solving <” = c for any nonzero 
complex number c. If c = pe = p(cos o + 7 sin o). our solutions are given by 


jet on + 2k + 2mk 
(8) yz=pl’e " = pr( eos 22m + isin team) for 


A nn 


kK=O.1....,n-—- 1. 


Each solution in equation (8) can be considered an nth root of c. Geometrically, the 
ath roots of c are equally spaced points that lie on the circle {z: = p!/"} and 
form the vertices of a regular polygon with n sides. Figure 1.19 pictures the case 
fora = 5. 


“ 


FIGURE 1.19 = The five solutions to the equation z> = c. 


It is interesting to note that if ¢ is any particular solution to the equation 
2" = c, then al! solutions can be generated by multiplying ¢ by the various nth roots 
of unity. That is, the solution set is 


) ee a 0 ee 
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The reason for this is that for any j. (Cw) = Cr(w,y' = Ow") = Cr = c, and that 


it 20 
multiplying a number by w, = e " increases the argument of that number by — , 
n 


so that expressions (9) contain n distinct values. 


EXAMPLE 1.19 Let’s find all cube roots of 81 = 8[cos(m/2) + i sin(1/2)] 
using formula (8). By direct computation, we see that the roots are 
m/2) + 2nk n/2) + 2k 
R= 2 cs wo + isin 2) or for k 
The Cartesian forms of the solutions are z@ = /3 + i, 2) = —J3 + é, and 
Zo = —2i, as shown in Figure 1.20. 


FIGURE 1.20 The point z = 8/ and its three cube roots zp, z), and z2. 


EXERCISES FOR SECTION 1.5 


1. Show that (/3 + )* = —8 + i8 3 in two ways: 
(a) by squaring twice (b) by using equation (3) 
2. Calculate the following. 
(d+ 
(dd - 
3. Use De Moivre’s formula and establish the following identities. 
(a) cos 38 = cos*® — 3 cos 6 sin’6 (b) sin 36 = 3 cos?0 sin 8 — sin*0 


(a) (1 — i393 + iP (b) 


(c) (/3 + 


4, 
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Let z be any nonzero complex number, and let 7 be an integer. Show that z” + (Z)” is 
a real number. 


For Exercises 5~9. find al) the roots, 


5. (-2 + 28 6. (—64)"4 7. (-1)h5 
8. (164)'"4 9, (8) 
10. Establish the quadratic formula. 


14. 


15. 


16. 
17, 


18, 


19. 


20, 


. Solve the equation (z + I) 


. Find the solutions to the equation z7 + (1 + )z+ 5i = 0. 


3 4 


=z 
Let P(z) = anz" + a@,_;z""! + +++ + ayz + ay be a polynomial with real coefficients 
Gns Gn \oe + + « @, ay. If z) is a complex root of P(z), show that z, is also a root. Hint: 
Show that P(z)) = P(z,) = 0. 

Find all the roots of the equation z4 ~ 4z* + 62° — 4z + 5 = 0 given that z) = iisa 
root. 

Let m and n be positive integers that have no common factor. Show that there are n 


distinct solutions to 4” = 2” and that they are given by 


m8 + 21k) ~ , m@O + 27k) 
SS tS 


)fork= 0.1.0 n= 
n fn ; 


Ww, = roa eos 


Find the three solutions to 232 = 4./2 + i4,/2. 
(a) Ifz A 1, showthat] #z+ 24+---4+ 27 = 


(b) Use part (a) and De Moivre’s formula to derive Lagrange’s identity: 


afl 


] 
1+ cos 8 + cos 20 +--+ + cos n8 = — - 
2 2 sin(@/2) 


where 0 < 0 < 27. 


Let x # | be an nth root of unity. Prove that 


lt+yutate tap! =0 
If } = 2. 2), Z2.- - - » Zn_y are the nth roots of unity, prove that 
(@-me- ade (-e H leet ete tar 


Identity (3), De Moivre’s formula, can be established without recourse to properties of 
the exponential function. Note that this identity is trivially true for 7 = 1, then 

(a) Using basic trigonometric identities, show the identity is valid for n = 2. 

(b) Use induction to verify the identity for all positive integers. 

(c) How would you verify this identity for all negative integers? 


. Look up the article on Euler’s formula and discuss what you found. Use bibliographical 


item 169. 


. Look up the article on De Moivre’s formula and discuss what you found. Use biblio- 


graphical item 103. 


. Look up the article on how complex analysis could be used in the construction of a 


regular pentagon and discuss what you found. Use bibliographical item 114. 


. Write a report on how complex analysis is used to study roots of polynomials and/or 


complex functions. Resources include bibliographical items 50, 65, 67, 102, 109, 120, 
121, 122, 140, 152, 162, 171, 174. and 178. 
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1.6 The Topology of Complex Numbers 


In this section we investigate some basic ideas concerning sets of points in the plane. 
The first concept is that of a curve. Intuitively, we think of a curve as a piece of 
string placed on a flat surface in some type of meandering pattern. More formally, 
we define a curve to be the range of a continuous complex-valued function 2z(¢) 
defined on the interval [a@, b]. That is, a curve C is the range of a function given by 
z(t) = (x(t), W(t) = x(t) + iy(t), for a < t < b, where both x(f) and y(r) are continuous 
real-valued functions. lf both x(t) and v(‘) are differentiable, we say that the curve 
is smooth. A curve for which x(t) and y(t) are differentiable except for a finite number 
of points is called piecewise smooth. We specify a curve C as 


(I) Cap =2x(0) + iy) forasts b, 


and say that z(t) is a parametrization for the curve C. Notice that with this param- 
eterization, we are specifying a direction to the curve C, and we say that C is a 
curve that goes from the initial point <(@) = (x(a), v(a)) = x(a) + fv(a) to the terminal 
point z(b) = (x(b), y(b)) = x(b) + iy(6). If we had another function whose range 
was the same set of points as z(t) but whose initia] and final points were re- 
versed, we would indicate the curve this function defines by —C. For example, if 
Zo = Xy + ivp and z; = x; + iv, are two given points, then the straight line segment 
joining zo to z, is 


(2) Ci c(t) = [xo + yy — Xo] + ifyo + CG — yo] forOs7s I, 


and is pictured in Figure 1.21. One way to derive formula (2) is to use the vector 
form of a line. A point on the line is <9 = x9 + iyo and the direction of the line is 
Z1 — 2»; hence the line C in formula (2) is given by 


C: z(t) = £6) + (Z| = Zy)t for 0 <t<l. 
Clearly one parametrization for —C is 
-—C yO =2+ (o —- at forOsts tl. 


It is worth noting that y(t) = z(1 — 1). This illustrates a general principle: If C is a 
curve parameterized by z(t) for 0 <7 < 1, then one parameterization for —C will 
be x1 -),0s1tsl. 


FIGURE 1.21 The straight line segment C joining zy to z). 
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A curve C with the property that z(a) = z(b) is said to be a closed curve. 
The line segment (2) is not a closed curve. The curve x(t) = sin 2f cos t, and 
y(t) = sin 2 sin t for 0 < t < 27 forms the four-leaved rose in Figure 1.22. Observe 
carefully that as t goes from 0 to 7/2, the point is on leaf 1; from 7/2 to x it is on 
leaf 2; between 7m and 3n/2 it is on leaf 3; and finally, for t between 32/2 and 2n it 
is on leaf 4. Notice that the curve has crossed over itself at the origin. 


FIGURE 1.22 The curve x(t) = sin 2¢ cos tf, y(t) = sin 2tsinz forO <1 < 2n, 
which forms a four-leaved rose. 


Remark In calculus the curve in Figure 1.22 was given the polar coordinate 
parameterization r = sin 20. 


We want to be able to distinguish when a curve does not cross over itself. 
The curve C is called simple if it does not cross over itself, which is expressed 
by requiring that z(¢,) # z(f2) whenever ¢; # t, except possibly when t, = a and 
t. = b. For example, the circle C with center z) = x) + iyo and radius R can be 
parameterized to form a simple closed curve: 


(3) Ci c(t) = (% + Roost) + iyo + Rsin t) = z + Re” 


for 0 < t < 2 mn, as shown in Figure 1.23. As ¢t varies from 0 to 27, the circle is 
traversed in a counterclockwise direction. If you were traveling around the circle in 
this manner, its interior would be on your left. When a simple closed curve is 
parameterized in this fashion, we say that the curve has a positive orientation. We 
will have more to say about this idea shortly. 
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z(t) 


z(m) z(Q) = z(27) 


FIGURE 1.23 The simple closed curve z(t) = z + Re” forO st < 2n. 


We need to develop some vocabulary that will help us describe sets of points 
in the plane. One fundamental idea is that of an €-neighborhood of the point Zo, that 
is, the set of all points satisfying the inequality 


(4) |z-— z| <e. 


This set is the open disk of radius ¢ > 0 about zp shown in Figure 1.24. In particular, 
the solution sets of the inequalities 


jzf<1, |z-i] <2, |[z+1+42i| <3 


are neighborhoods of the points 0, i, —1 — 2i, respectively, of radius 1, 2, 3, 
respectively. 


FIGURE 1.24 An e-neighborhood of the point Zp. 


An €-neighborhood of the point zo is denoted by D,(zo), and is also referred 
to as the open disk of radius € centered at Zo. Hence, 


(5) D,@o) = {z: |z -— z| < ©}. 

We also define the closed disk of radius € centered at Zp, 
(6) D,@o) = {z: |z — zo] =}. 

and the punctured disk of radius € centered at Zo, 


(7) Di(w) = {2:0 < |z— w| <e}. 
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The point zy is said to be an interior point of the set S provided that there 
exists an €-neighborhood of Zp that contains only points of S$; zp) is called an exterior 
point of the set S if there exists an e-neighborhood of zo that contains no points of 
S. If zo is neither an interior point nor an exterior point of S, then it is called a 
boundary point of S and has the property that each €-neighborhood of z) contains 
both points in S and points not in S. The situation is illustrated in Figure 1.25, 


Exterior 


Boundary 


FIGURE 1.25 The interior, exterior, and boundary of a set. 


The boundary of Dg(zo) is the circle depicted in Figure 1.23. We denote this 
circle by Cp(zp), and refer to it as the circle of radius R centered at zo. The notation 
Cr(Zo) is used to indicate that the parameterization we chose for this simple closed 
curve resulted in a positive orientation. Cp(zp) denotes the same circle, but with a 
negative orientation, (In both cases counterclockwise denotes the positive direction.) 
Using notation we have already introduced, it is clear that Ca(zp) = —Cp(zo). 


EXAMPLE 1.20 Let S = {z: |z| < 1}. Find the interior, exterior, and 
boundary of S. 


Solution Let zp be a point of S. Then | zo < 1 so that we can choose 
€ = 1 — |z| > 0. Ifz lies in the disk |z ~ z| <, then 


|z| = |co+z—-zo| = [zo] + [z— zl < Ju] te =1. 


Hence the €-neighborhood of zp is contained in S, and zy is an interior point of S. It 
follows that the interior of S is the set {z: |z| <1}. 
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Similarly, it can be shown that the exterior of S is the set {z: > 1}. The 
boundary of S is the unit circle {z: |z| = 1}. This is true because if zo = eis any 
point on the circle, then any e-neighborhood of zp) will contain the point 
(1 — e/2)e'*e, which belongs to S, and (1 + €/2)e», which does not belong to S. 


7 
“ 


A set S is called open if every point of S$ is an interior point of S. A set S is 
called closed if it contains all of its boundary points. A set S is said to be connected 
if every pair of points z; and z2 can be joined by a curve that lies entirely in S. 
Roughly speaking, a connected set consists of a ‘‘single piece.’* The unit disk D = 
{z: |z| < 1} is an open connected set. Indeed, if z) and zz lie in D, then the straight 
line segment joining them lies entirely in D. The annulus A = {z: 1 < [z|{ <2} is 
an open connected set because any two points in A can be joined by a curve C that 
lies entirely in A (see Figure 1.26). The set B = {z: |z + 2| < lor |z-2| <1} 
consists of two disjoint disks; hence it is not connected (see Figure |.27). 


FIGURE 1.26 The annulus A = {z: 1 < |z| < 2} is a connected set. 


We cal] an open connected set a domain. For example, the right half plane 
H = {z: Re(z) > 0} is a domain. This is true because if zo = xp + iyo is any point 
in H, then we can choose € = xo, and the e-neighborhood of zp lies in H. Also, any 
two points in H can be connected with the line segment between them. The open 
unit disk |z] <1 is also a domain. However, the closed unit disk |z| < lisnota 
domain. It should be noted that the term ‘‘domain’’ is a noun and is a kind of set. 
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FIGURE 1.27) B= {z: [z+ 2| < or |z ~ 2| < 1) is not a connected set. 


A domain, together with some, none, or all of its boundary points, is called a 
region, For example, the horizontal strip {z: 1 < Im(z) S 2} is a region. A set that 
is formed by taking the union of a domain and its boundary is called a closed region; 
that is, the half plane {z: x S y} is a closed region. A set is said to be bounded if 
every point can be enveloped by a circle of some finite fixed radius, that is, there 
exists an R > 0 such that for each z in S we have |z| < R. The rectangle given by 
{z: |x| < 4 and |¥| < 3} is bounded because it is contained inside the circle 
|z| = 5. A set that cannot be enclosed by a circle is called unbounded. 

We mentioned earlier that a simple closed curve is positively oriented if its 
interior is on the Jeft when the curve is traversed. How do we know, however, that 
any given simple closed curve will have an interior and exterior? The following 
theorem guarantees that this is indeed the case. It is due in part to the work of the 
French mathematician Camille Jordan. 


Theorem 1.1. (The Jordan Curve Theorem): The complement of any simple 
closed curve C can be partitioned into two mutually exclusive domains I and 
E in such a way that I is bounded, E is unbounded, and C is the boundary for 
both Land E. In addition, 1 E U Cis the entire complex plane. (The domain 
Tis called the interior of C, and the domain E is called the exterior of C.) 


The Jordan curve theorem is a classic example of a result in mathematics that 
seems obvious but is very hard to demonstrate. Its proof is beyond the scope of this 
book. Jordan’s original argument, in fact, was inadequate, and it was not until 1905 
that a correct version was finally given by the American topologist Oswald Veblen. 
The difficulty lies in describing the interior and exterior of a simple closed curve 
analytically, and in showing that they are connected sets. For example, in which 
domain (interior or exterior) do the two points depicted in Figure 1.28 lie? If they 
are in the same domain, how, specifically, can they be connected with a curve? 
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Although an introductory treatment of complex analysis can be given without 


using this theorem, we think it is important for the well-read student at least to be 
aware of its significance. 


e- 


a | 


FIGURE 1.28 Are z; and z in the interior or exterior of this simple closed curve? 


EXERCISES FOR SECTION 1.6 


1. 


Sketch the curve z(t) = f + 24 + a(t + 1) 
(a) for-1 <¢ <0, (b) for] sr <2. 
Hint: Use x = PF + 2t,vy =f + 1 and eliminate the parameter ¢. 


. Find a parameterization of the line that 


(a) joins the origin to the point 1 + i (b) joins the point / to the point 1 + 7. 
(c) joins the point | to the point ] + 7. (d) joins the point 2 to the point 1 + 2 


. Find a parameterization of the curve that is a portion of the parabola vy = x? that 


(a) joins the origin to the point 2 + 47. (b) joins the point —1 + 7 to the origin. 
(c) joins the point | + / to the origin. 
Hint: For parts (a) and (b), use the parameter ft = x. 


4. Find a parameterization of the curve that is a portion of the circle |z| = 1 that joins 
the point —/ to iif 
(a) the curve is the right semicircle. (b) the curve is the left semicircle. 

5. Find a parameterization of the curve that is a portion of the circle |z| = | that joins 


the point | to 7if 
(a) the parameterization is counterclockwise along the quarter circle. 
(b) the parameterization is clockwise. 
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For Exercises 6-12, refer to the following sets: 


(a) {z: Re(z) > 1}. (b) {z: -—1 < Im(z) s 2}. 

(c) {zs |z-2—-é| s 2}. (d) {z: |z + 3i| > 1}. 

(e) {re":0 <r < land — 7/2 <8 < 7/2}. (f) {re®: r > 1 and 1/4 < @ < 1/3}. 
(g) {z: [c| < lor |z- 4] <1}. 

Sketch each of the given sets. 7. Which of the sets are open? 

Which of the sets are connected? 9, Which of the sets are domains? 

Which of the sets are regions? 11. Which of the sets are closed regions? 


. Which of the sets are bounded? 


Let S = {z), z2,. . - , Zn} be a finite set of points. Show that S is a bounded set. 

Let S be the open set consisting of all points z such that |z + 2| <1 or 

Jz — 2| < 1, Show that S is not connected. 

Prove that the neighborhood [z — Z| < € is an open set. 

Prove that the neighborhood [z — z| <€ 15 a connected set. 

Prove that the boundary of the neighborhood |z - zo | < eis the circle [z = z0| =€. 
Prove that the set {z: [z| > J) is the exterior of the set S given in Example 1.20. 
Prove that the set {z: |z| = |) is the boundary of the set S given in Example 1.20. 


. Look up some articles on teaching complex analysis and discuss what you found. Re- 


sources include bibliographical items 7, 1], 24, 27, 33, 43, 74, 84, 90, 101, 102, 103, 
105, 114, 123, 134, 137, 160, 171, and 185. 
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Complex Functions 


2.1 Functions of a Complex Variable 


A function f of the complex variable z is a rule that assigns to each value z in a set 
D one and only one complex value w. We write 


(1) ow = f(z) 


and call w the image of z under f. The set D is called the domain of definition of f, 
and the set of all images R = {w = f(z): z © D} is called the range of f. Just as z 
can be expressed by its real and imaginary parts, z = x + iv, we write w = u + iv, 
where u and v are the real and imaginary parts of w, respectively. This gives us the 
representation 


(2) f(x + ty) =u + iv. 


Since u and v depend on x and y, they can be considered to be real functions of the 
real variables x and y; that is, 


(3) u=utxy,y) and v= vy, y). 


Combining equations (1), (2), and (3), it is customary to write a complex function 
fin the form 


(4) f(z) = f(x + ty) = ut, y) + ivta, y). 


Conversely, if u(x, y) and v(x, y) are two given real-valued functions of the real 
variables x and y, then equation (4) can be used to define the complex function f. 


EXAMPLE 2.1. Write f(z) = z* in the form f(z) = u(x, y) + iv(x, y). 


Solution Using the binomial formula, we obtain 


f(2) = & + iy)? = x4 + 4x iy + 6x2(iy)? + 4x(iv)? + (iy)t 
= (x4 wits 6x" y? + y4) + i(4x3y a 4xy3). 
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EXAMPLE 2.2 Express f(z) = Z Re(z) + <2 + Im(z) in the form of equations 
(2) and (3) f(z) = u(x, y) + ivy, y). 


Solution Using the elementary properties of complex numbers, it follows 
that 


f(z) = (ee — iy)e + GP — y? + i2xy) + y= (2x? — ye + y) + ila). 


These examples show how to find u(x, y) and v(x, y) when a rule for computing 
fis given. Conversely, if u(x, vy) and v(x, y) are given, then the formulas 


can be used to find a formula for f involving the variables z and Z. 


EXAMPLE 2.3 Express f(z) = 4° + i4v? by a formula involving the variables 
z and Z. 


Solution Calculation reveals that 


ea ieee - 
4 5 +i 5} 


za Fore Pee ie = Dee +522) 
(—p)2 + (2+ 22z4+ U - NE. 


flz) 


It may be convenient to use z = re‘ in the expression of a complex function 
f. This gives us the representation 
(5) f(z) = fre) = u(r, 9) + iv(, 8), 


where uw and y are to be considered as real functions of the real variables r and 0. 
Note that the functions u and v defined by equations (4) and (5) are different, since 
equation (4) involves Cartesian coordinates and equation (5) involves polar 
coordinates. 


EXAMPLE 2.4 Express f(z) = 2° + 42? — 6 in the polar coordinate form 
u(r, 8) + fv(r, 8). 


Solution Using equation (1) of Section 1.5, we obtain 


f(z) = P(cos 50 + i sin 58) + 4r7(cos 26 + i sin 20) — 6 
= (r°cos 56 + 4r2cos 26 — 6) + i(r’sin 50 + 4rsin 26). 
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EXERCISES FOR SECTION 2.1 


1. Let f(z) = f(x + iy) = x + y + iy — y*), Find 


(a) f(—1 + 3%) (b) f(3i — 2) 

2. Let f(z) = 22 + 42z — 5 Re(z) + Im(z). Find 
(a) f(—3 + 2i) (b) f(2i — 1) 

3, Find f(1 + 7) for the following functions. 
(a) fiz) = zt 2-7 +5 (b) f(z) = 

z+] 
4. Find f(2i — 3) for the following functions. 
se ; Ree ce NG a ek dee st 

(a) f(z) = (z + 3) — 5d) (b) f(z) = aE 

5. Let f(z) = 2°! — 5z’ + 9z+. Use polar coordinates to find 
(a) f(-1 +) (b) f(l + 1/3) 

6. Express f(z) = Z7 + (2 — 38)z in the form u + iv. 

zt2-i. . : 

7. Express f(z) = <7 in the form u + iv. 

8. Express f(z) = 2° + z° in the polar coordinate form u(r, 6) + iv(r, 8). 

9. Express f(z) = 2° + z? in the polar coordinate form u(r, 6) + iv(r, 8). 

10. Let f(z) = f(x + iv) = e’cos y + ie'sin y. Find 
(a) f(0) (b) fd) (c) flin/4) 
(d) fl + in/4) (e) f(i2n/3) (f) f(2 + in) 

11. Let f(z) = fe + iy) = (1/2) InG? + y?) + i arctan(y/x). Find 
(a) f(1)_ (b) fU FD (c) V3) 
(d) f(3 4+) (e) fl + 173) (f) f3 + 4 

12. Let f(z) = r?cos 20 + ir?sin 28, where z = re”. Find 
(a) f) (b) f(2e"*) 
(ey f/2e™") (d) f(3e™*) 

13. Let f(z) = Inr + i@, where r = |z |. @ = Arg z. Find 
(a) fC) (b) fl +) 
(c) f(-2) (d) f(- V3 + 


14. A line that carries a charge of g/2 coulombs per unit length is perpendicular to the z 
plane and passes through the point z». The electric field intensity E(z) at the point z 
varies inversely as the distance from Zo and is directed along the line from zo to z. Show 
that 


where k is some constant. (in Section 10.11 we will see that the answer is in fact 
q 


zo & 

15. Suppose that three positively charged rods carry a charge of g/2 coulombs per unit length 
and pass through the three points 0, 1 — i, and 1 + i. Use the result of Exercise 14 and 
show that E(z) = 0 at the points z = (2/3) + i / 2/3). 

16. Suppose that a positively charged rod carrying a charge of q/2 coulombs per unit length 
passes through the point 0 and that positively charged rods carrying a charge of q 
coulombs per unit length pass through the points 2 + # and —2 + i. Use the result of 
Exercise 14 and show that E(z) = 0 at the points z = +5 + i=. 
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2.2. Transformations and Linear Mappings 


We now take our first look at the geometric interpretation of a complex function. If 
D is the domain of definition of the real-valued functions u(x, y) and v(x, y), then 
the system of equations 


(1) u=utx,y) and v= v(x, y) 


describes a transformation or mapping from D in the xy plane into the uv plane. 
Therefore, the function 


(2) w = f(z) = u(x, y) + iv(, y) 


can be considered as a mapping or transformation from the set D in the z plane onto 
the range R in the w plane. This is illustrated in Figure 2.1. 


y v 
w= fiz) 
Domain of —— Range 
definition u=u(x, y) R 
v= v(x, 9) 


FIGURE 2.1 The mapping w = f(z). 


If A is a subset of the domain of definition D, then the set B = {f(z): z € A} 
is called the image of the set A, and fis said to map A onto B. The image of a single 
point is a single point, and the image of the entire domain D is the range R. The 
mapping w = f(z) is said to be from A into S if the image of A is contained in S. 
The inverse image of a point w is the set of all points z in D such that w = f(z). The 
inverse image of a point may be one point, several points, or none at all. If the latter 
case occurs, then the point w is not in the range of f. 

The function f is said to be one-to-one if it maps distinct points z; * zz onto 
distinct points f(z) # f(z2). If w = f(z) maps the set A one-to-one and onto the set 
B, then for each w in B there exists exactly one point z in A such that w = f(z). 
Then loosely speaking, we can solve the equation w = f(z) by solving for z as a 
function of w. That is, the inverse function z = g(w) can be found, and the following 
equations hold: 


(3) g(f(2)) =z forallzinA and 
F(g(w)) = w_ for all w in B. 


Conversely, if w = f(z) and z = g(w) are functions that map A into B and B 
into A, respectively, and equations (3) hold, then w = f(z) maps the set A one-to- 
one and onto the set B. The one-to-one property is easy to show, for if we have 
f(z) = flz2), then g(f(z:)) = g(f(z2)); and using equation (3), we obtain z; = z. 
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To show that f is onto, we must show that each point w in B is the image of some 
point in A. If w € B, then z = g(w) lies in A and f(g(w)) = w, and we conclude that 
fis a one-to-one mapping from A onto B. 

We observe that if f is a one-to-one mapping from D onto R and it A is a 
subset of D, then fis a one-to-one mapping from A onto its image B. One can also 
show that if & = f(z) is a one-to-one mapping from A onto S, and w = g(&) is a one- 
to-one mapping from S onto B, then the composition mapping w’ = g( f(z)) is a one- 
to-one mapping from A onto B. 

It is useful to find the image B of a specified set A under a given mapping 
w = f(z). The set A is usually described with an equation or inequality involving x 
and y. A chain of equivalent statements can be constructed that lead to a description 
of the set B in terms of an equation or an inequality involving u and y. 


EXAMPLE 2.5 Show that the function f(z) = iz maps the line y = x + | onto 
the line v = —u — |. 


Solution We can write f in the Cartesian form u + iv = f(z) = i(x + iy) 


= —y + ix, and see that the transformation can be given by the equations 4 = —y 
and v = x. We can substitute these into the equation y = x + 1 to obtain —u = v 
+ 1, which can be written as y = —u — 1. 


We now turn our attention to the investigation of some elementary mappings. 
Let B = a + ib denote a fixed complex number. Then the transformation 


(4) w=) =ct+Baxt+atilyt bd) 


is a one-to-one mapping of the z plane onto the w plane and is called a translation. 
This transformation can be visualized as a rigid translation whereby the point < is 
displaced through the vector a + ib to its new position w = T(x). The inverse 
mapping is given by 


(5) z=T'\(w=w~-B=u-at ilv— b) 


and shows that T is a one-to-one mapping from the z plane onto the w plane. The 
effect of a translation is pictured in Figure 2.2. 


FIGURE 2.2 The translation w = T(z) =z+B=x+at ily + b). 
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Let & be a fixed real number, Then the transformation 
(6) ws R(z) = zel& = regia = reste 


iS a One-to-one mapping of the z plane onto the w plane and is called a rotation. It 
can be visualized as a rigid rotation whereby the point z is rotated about the origin 
through an angle @ to its new position w = R(z). If we use polar coordinates 
w = pe in the w plane, then the inverse mapping is given by 


(7) z= Ro'Ov) = were = peer™ = pelle, 


This shows that R is a one-to-one mapping of the z plane onto the w plane. The 
effect of rotation is pictured in Figure 2.3. 


w =rel(@ +a) 


Ce - 
per 
O=O0+a 


FIGURE 2.3 The rotation w = R(z) = re? ™. 


Let K > 0 be a fixed positive real number. Then the transformation 
(8) w= S(z) = Kz = Kx + iKy 


is a one-to-one mapping of the z plane onto the w plane and is called a magnification, 
If K > 1, it has the effect of stretching the distance between points by the factor K. 
If K < 1, then it reduces the distance between points by the factor K. The inverse 
transformation is given by 


1 1 I 
(9) c,=S\w)= x = rag + rad 


and shows that S is one-to-one mapping from the z plane onto the w’ plane. The 
effect of magnification is shown in Figure 2.4. 
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Ki Ki 
w= Kz 
—_—_—_ >) 
uo= Kx 
yr =kKp 
x 
1 K ] K 


FIGURE 2.4 The magnification w = S(z) = Kz = Kx + iky. 


Let A = Ke and B = a + ib, where K > 0 is a positive real number. Then 
the transformation 


(10) w= W(z)=Az+ B 


iS a One-to-one mapping of the z plane onto the w’ plane and is called a linear 
transformation. It can be considered as the composition of a rotation, a magnifica- 
tion, and a translation. It has the effect of rotating the plane through an angle given 
by a = Arg A, followed by a magnification by the factor K = |A]|. followed by a 
translation by the vector B = a + ib, The inverse mapping is given by 


| 
G1) 2=W lw) = mars = 


and shows that W is a one-to-one mapping from the z plane onto the w plane. 


EXAMPLE 2.6 Show that the linear transformation w = iz + i maps the right 
half plane Re(z) > | onto the upper half plane Im(w) > 2. 


Solution We can write w = f(z) in Cartesian form u + iv = i(x + iy) + i 
= —y + i(x + 1) and see that the transformation can be given by the equations 
u = —yandv = x + I. The substitution x = v — [ can be used in the inequality 
Re(z) = x > | to see that the image values must satisfy vy — ] > | or y > 2, which 
is the upper half plane Im(w) > 2. The effect of the transformation w = f(z) is a 
rotation of the plane through the angle @ = 1/2 followed by a translation by the 
vector B = 7 and is illustrated in Figure 2.5. 
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FIGURE 2.5 = The linear transformation w = f(z) = iz + i. 


It is easy to see that translations and rotations preserve angles. Since magni- 
fications rescale distance by a factor K, it follows that triangles are mapped onto 
similar triangles, and so angles are preserved. Since a linear transformation can be 
considered as a composition of a rotation, a magnification, and a translation, it 
follows that linear transformations preserve angles. Consequently, any geometric 
object is mapped onto an object that is similar to the original object; hence linear 
transformations can be called similarity mappings. 


EXAMPLE 2.7 Show that the image of the open disk |z + 1 + i| <1 under 
the transformation w = (3 — 4i)c + 6 + 2/ is the open disk |w + I — 3i| <5. 
Solution The inverse transformation is given by 


w-6- 21 


3 - 4 


and this substitution can be used to show that the image points must satisfy the 
inequality 


w—-6- 2) ; 
— oo Ht 1 til << d, 
3-4 
Multiplying both sides by |3 — 47] = 5 results in 
|w-6- 29+ (1+ )GB- 4i| <5, 
which can be simplified to obtain the inequality 
[wed ise |<, 


Hence the disk with center —1 — / and radius | is mapped one-to-one and onto the 
disk with center —I + 3/ and radius 5 as pictured in Figure 2.6. 
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FIGURE 2.6 The mapping w = S(z) = (3 — 4/)z + 6 + 2/. 


EXAMPLE 2.8 Show that the image of the right half plane Re(z) > 1 under 
the linear transformation w = (—1 + i)z — 2 + 3i is the half plane vy > u + 7, 


Solution The inverse transformation is given by 


wt+2-3) ut+2+ itv - 3) 


atti” -1+i 
which can be expressed in the component form 
re a Meas a 
i Oy 0 rece i keener eee 
; 2 2 


The substitution x = (—u + v ~— 5)/2 can be used in the inequality Re(z) = x > | 
to see that the image points must satisfy (—u + » — 5)/2 > 1. This can be simplified 
to yield the inequality y > « + 7. The mapping is illustrated in Figure 2.7. 


FIGURE 2.7 The mapping w = f(z) = (—1 + De — 2 + 3i. 
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EXERCISES FOR SECTION 2.2 


1. Letw = cl — pz + 1 - 27. 
(a) Find the image of the half-plane Im(z) > I. 
(b) Sketch the mapping, and indicate the points z) = ~1 + #,z. = ¢,andz3 = 1 +i 
and their images 4"), w2, and wy. 
2, Let w = (2 + fz — 3 + 4i. Find the image of the line 


X=ty=1-—2t for --e <1 < o, 


3. Letw = (3 + 4)z-2 +32. 
(a) Find the image of the disk |z - 1| <1. 
(b) Sketch the mapping, and indicate the points z) = 0, 22 = 1 — i, and za = 2 and their 
images. 
4. Let w = (3 + 4/)z — 2 + i. Find the image of the circle 


x=I1+cost y=lt+sin¢t for-nm<rsm, 
5. Let w = (2 + f)g — 2/. Find the triangle onto which the triangle with vertices 
z= -2 4+ i,22 = —2 + 2i, and z,; = 2 + is mapped. 
6. Find the linear transformation w = f(z) that maps the points z, = 2 and z2 = —3/ onto 
the points w, = 1 + fand w2 = |, respectively. 
7. Find the linear transformation w = S(z) that maps the circle |z| = 1 onto the circle 


| —~34+ 2F| = 5 and satisfies the condition $(—f) = 3 + 33. 

8. Find the lincar transformation w = f(z) that maps the triangle with vertices —4 + 21, 
~4 + 7i, and | + 2: onto the triangle with vertices 1,0, and 1 + 7. 

9, Let S(z) = Kz, where K > 0 is a positive real constant. Show that the equation 
| S(zi) — S(z2)| = K]z) — <2| holds. and interpret this result geometrically. 

10. Give a proof that the image of a circle under a linear transformation is a circle. Hint: 
Let the given circle have the parameterization x = x) + Rcost, y = yo + Rsint. 

11. Prove that the composition of two linear transformations 1s a linear transformation. 

12. Show that a linear transformation that maps the circle | z — 20 | = R, onto the circle 
[w — wo] = R> can be expressed in the form 


AQw — wy)Rp = (e ~ 2p) Ro, where [A] = 1. 


2.3 The Mappings w= z’and w= z'" 


The function w = f(z) = <° can be expressed in polar coordinates by 

(1) w=f(s) = 2 = r2ei, 

where r > 0 and — 7 < 0 < 7. If polar coordinates, w = pe” are used in the w 
plane, then mapping (1) can be given by the system of equations 

(2) p=r? and 6 = 280. 


If we consider the wedge-shaped set A = fre”: r > Oand — n/4 << 0 < 7/4}, 
then the image of A under the mapping f is the right half plane described by the 
inequalities p > 0, — 1/2 < > < 7/2. Since the argument of the product zz is twice 
the argument of z, we say that f doubles angles at the origin. Points that lie on the 
ray r > 0, 8 = & are mapped onto points that lie on the ray p > 0, d = 2a. 
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If the domain of definition D for f(z) = z* is restricted to be the set 


; —T Tt 
GB) D= fret: r > 0 and Feo<Fh 
2 2 
then the image of D under the mapping w = <’ consists of all points in the w plane 
(except the point w = 0 and all the points that lie along the negative u axis). The 
inverse mapping of fis 


(4) 2 =f-'(w) = wl? = p!@e?, wherep > Oand-nr<o <2. 


The function f~'(w) = w!/? in equation (4) is called the principal square root func- 
tion and shows that f is one-to-one when its domain is restricted by set (3), The 
mappings w = <* and z = w'” are illustrated in Figure 2.8. 


FIGURE 2.8 The mappings w = 2° and z = wl”, 


Since f(~—z) = (—z)* = z*, we see that the image of the left half plane 
Re(z) < 0 under the mapping w = 2z? is the w plane slit along the negative u axis as 
indicated in Figure 2.9. 


FIGURE 2.9 The mapping w = z. 
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Other useful properties of the mapping w = z? can be investigated if we use 
the Cartesian form 
(5) w=f(z)= 2 =x -— y+ Ray 
and the resulting system of equations 


(6) w=x*—y and y= 2xy. 


EXAMPLE 2.9 The transformation w = f(z) = <? maps vertical and horizontal 
lines onto parabolas, and this fact is used to find the image of a rectangle. If a > 0, 
then the vertical line x = a is mapped onto the parabola given by the equations 
u = a? — y¥° and v = 2ay, which can be solved to yield the single equation 


ve 


4a?" 


(7) “=a@- 
If b > Q, then the horizontal line y = 6 is mapped onto the parabola given by the 
equations 4 = x° — b> and v = 2xb, which can be solved to yield the single equation 


ve 


4b" 


(8) w= -b + 


Since quadrant I is mapped onto quadrants I and II by w = <°, we see that the 
rectangle 0 < x <a,0 < y < bis mapped onto the region bounded by the parabolas 
(7) and (8) and the w axis. The four vertices 0, a, a + ib, and ib are mapped onto 
the four points 0, a7, a* — b* + i2ab, and ~— b’, respectively, as indicated in Figure 
2.10. 


ib la+ib 


FIGURE 2.10 The transformation w = z?. 


The mapping w = =z!” can be expressed in polar form, 


(9) w= f(z) = Ze = plZeifl? 
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where the domain of definition D for f is restricted to be r > 0, -n<O0< a. If 
polar coordinates w = pe’* are used in the w plane, then mapping (9) can be rep- 
resented by the system 

8 
(10) p=rl? and o= 5 
From equations (10) we see that the argument of the image is half the argument of 
z and that the modulus of the image is the square root of the modulus of z. Points 
that lie on the ray r > 0, 8 = @ are mapped onto the ray p > 0, 6 = a@/2. The image 
of the < plane (with the point ¢ = 0 deleted) consists of the right half plane 
Re(w) > 0 together with the positive v axis, and the mapping is pictured in Figure 
2.11. 


FIGURE 2.11 The mapping w = <!”. 


The mapping w = z!” can be studied through our knowledge about its inverse 
mapping z = w?. If we use the Cartesian formula 
Q) z=w =u — vv + iu, 
then the mapping z = w? is given by the system of equations 


(12) x=ue—vw and y= 2w. 


EXAMPLE 2.10 The transformation w = f(z) = z' maps vertical and hori- 
zontal lines onto a portion of a hyperbola, enabling us to find images of half 
planes. Let a > 0. Then system (12) can be used to see that the right half plane 
given by Re(z) = x > a is mapped onto the region in the right half plane satisfying 
u* — y? > a and lies to the right of the hyperbola u2 — y? = a. If b > 0, then system 
(12) can be used to see that the upper half plane Im(z) = y > b is mapped onto the 
region in quadrant I satisfying 2uv > 6 and lies above the hyperbola 2uv = 6. The 
situation is illustrated in Figure 2.12. 
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FIGURE 2.12 The mapping w = z!”. 


Let be a positive integer and consider the function w = f(z) = c”, which can 
be expressed in the polar coordinate form 


(3) w=f(z) = 2" =r'e™, wherer > Oand-n<0< 17. 


If polar coordinates w = pe'* are used in the w plane, then mapping (13) can be 
given by the system of equations 


(14) p=r* and o= 70, 


We see that the image of the ray r > 0, 8 = a is the ray p > 0, @ = na and that 
angles at the origin are increased by the factor n. Since the functions cos n@ and 
sin 76 are periodic with period 27/n, we see that fis in general an n-to-one function; 
that is, n points in the z plane are mapped onto each point in the w plane (except 
w = 0). If the domain of definition D of fin mapping (13) is restricted to be 


: — 1 
(5) D= \re r>0,— <0 < 71. 
n n 


then the image of D under the mapping w = f(z) = z” consists of all points in the 
w plane (except the origin w = 0), and the inverse function is given by 


(16) z=fo\w) = wl = plein, where p > Oand-a<o =n. 


The function f-'(w) = w!!" is called the principal nth root function and shows that 
f is one-to-one when it is restricted to be the domain set (15). The mappings 
w = 2" and z = w!” are shown in Figure 2.13. 
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FIGURE 2.13 The mappings w = z” and z = w!”. 


EXERCISES FOR SECTION 2.3 


1. 


2. 


3. 


11, 
12, 


13. 


14, 


Show that the image of the horizontal line y = 1 under the mapping w = 2? is the 
parabola w = v7/4 — 1. 

Show that the image of the vertical line x = 2 under the mapping w = z? is the parabola 
u=4-— 7/16. 

Find the image of the rectangle 0 < x < 2,0 < y < 1] under the mapping w = z?. Sketch 
the mapping. 

Find the image of the triangle with vertices 0, 2, and 2 + 2i under the mapping w = z?. 
Sketch the mapping. 

Show that the infinite strip 1 < x < 2 is mapped onto the region that lies between the 
parabolas « = 1 — v*/4 and uw = 4 — v*/16 by the mapping w = 2’. 

For what values of z does (z”)!? = z hold if the principal value of the square root is to 
be used? 

Sketch the set of points satisfying the following relations. 

(a) Re(z’) > 4 (b) Im(z?2) > 6 

Show that the region in the right half plane that lies to the right of the hyperbola 
x? — y? = 1 is mapped onto the right half plane Re(w) > 1 by the mapping w = z’. 
Show that the image of the line x = 4 under the mapping w = z!/? is the right branch 
of the hyperbola uv? — v? = 4. 


. Find the image of the following sets under the mapping w = z!”. 


(a) {re”: r > 1 and x/3 < 0 < 1/2} 

(b) {re®: 1 <r <9 and0< 6 < 2n/3)} 

(c) {re®: r <4 and -m < 0 < m/2) 

Find the image of the right half plane Re(z) > | under the mapping w = z? + 2z + 1. 
Show that the infinite strip 2 < y < 6 is mapped onto the region in the first quadrant 
that lies between the hyperbolas uv = 1 and uv = 3 by the mapping w = z!”. 

Find the image of the region in the first quadrant that lies between the hyperbolas 
xy = > and xy = 4 under the mapping w = z’. 

Show that the region in the z plane that lies to the right of the parabola x = 4 — y’/16 
is mapped onto the right half plane ReGv) > 2 by the mapping w = z’”*. Hint: Use the 
inverse mapping z = w?. 
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15. Find the image of the following sets under the mapping w = 2’. 


(a) {re®: 1 <r <2 and — n/4 < 0 < 7/3} 
(b) {re®’: r > 3 and 27/3 < 8 < 37/4} 
16. Find the image of the sector r > 2, 1/4 < @ < n/3 under the following mappings. 


(a) w= 2 (b) w = 2? (c) w = 2 
17. Find the image of the sector r > 0, —~ < 6 < 2n/3 under the following mappings. 
(a) w= 2!” (b) w= 28 (c) w= 2/4 


18. Use your knowledge about the complex square root function and explain the fallacy in 
the following statement: | = ¥(—J)-D = Y(-DV(- ID = () = 1. 
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Let « = u(x, vy) be a real-valued function of the two real variables x and y. We say 
that uw has the fimit uy as (x, y) approaches (xo, yy) provided that the value of u(x, y) 
gets close to the value uy as (x, y) gets close to (xo, yo). We write 
(1) lim u(x, y) = uo. 

LVL yg) 
That is, « has the limit uo as (x, y) approaches (xo, yo) if and only if | u(x, y) — uo| 
can be made arbitrarily small by making both |x — xo| and |y — yo| small. This 
is like the definition of limit for functions of one variable, except that there are two 
variables instead of one. Since (x, y) is a point in the xy plane, and the distance 
between (x, y) and (xp, yo) iS / (x — xo)? + Cy — yo)", we can give a precise definition 
of limit as follows. To each number € > 0, there corresponds a number 6 > 0 such 
that 


(2) {u(x y) — uo| <e, whenever 0 < V(x — xp? + (y — wr < 6. 


EXAMPLE 2.11. If w(x, y) = 3/(x? + y?), then 
(3) lim = u(x, y) = 0. 


(x4) 10,0) 


Solution Ifx = rcos 0 and y = sr sin 8, then 


Gea rcos*0 59 
Ux, Y) = TJ DO LF COS. 
rcos-8 + r?sin?@ 


Since \/(x — 0)? + (¥ — 0) = 1s, we see that 
|u(x, vy) — O| = r|cos*8 | <e, wheneverO< /x? + yr =r<e, 


Hence for any € > 0, inequality (2) is satisfied for 6 = €; that is, u(x, vy) has the 
limit %#) = O as (x, y) approaches (0, 0). 


The value up of the limit must not depend on how (x, y) approaches (xo, yo). 
So it follows that u(x, v) must approach the value uw) when (x, y) approaches (x, vo) 
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along any curve that ends at the point (xo, yo). Conversely, if we can find two curves 
C, and C; that end at (x, yo) along which u(x, vy) approaches the two distinct values 
uw, and uw, respectively, then u(x, v) does not have a limit as (x. y) approaches 
(x9. Yo). 


EXAMPLE 2.12 The function u(x, y) = xy/2 + y*) does not have a limit as 
(x, y) approaches (0, 0). If we let (x, vy) approach (0, 0) along the x axis, then 
(x)(0) 


im utv,0)= Im — ~= 0, 
(6.0) 10.0) 6.0)-9(0,0) X* OF 


But if we let (x, y) approach (0, 0) along the line y = x, then 


: . (x)(x) l 
lim a(xyvx) =~ lim = 5 oe 
(en(0.0) Lr) 2(0.0) X° Xe 2 


Since the two values are different, the value of the limit is dependent on how (x, y) 
approaches (0, 0). We conclude that u(x, v) does not have a limit as (x, y) approaches 
(0, 0). 


Let f(z) be a complex function of the complex variable z that is defined for all 
values of z in some neighborhood of zp, except perhaps at the point zp. We say that 
fhas the limit wo as z approaches zo, provided that the value f(z) gets close to the 
value wo as z gets close to zp; and we write 
(4) lim f(z) = wo. 

eee) 

Since the distance between the points z and zp can be expressed by lie — 2 li we 
can give a precise definition of limit (4): For each positive number € > 0, there 
exists a 6 > O such that 


(5) | f(z) — wo| <e, whenever 0 < |[z- | <6. 


Geometrically, this says that for each e-neighborhood |w - Wo | < € of the point 
wy there is a deleted 6-neighborhood 0 < |{z — zo| < 6 of zp such that the image 
of each point in the 6-neighborhood, except perhaps zo, lies in the €-neighborhood 
of wy. The image of the 6-neighborhood does not have to fill up the entire €-neigh- 
borhood; but if z approaches zp along a curve that ends at zo, then w = f(z) ap- 
proaches wy. The situation is illustrated in Figure 2.14, 

If we consider w = f(z) as a mapping from the z plane into the w plane and 
think about the previous geometric interpretation of a limit, then we are led to 
conclude that the limit of a function f should be determined by the limits of its real 
and imaginary parts u and v. This will also give us a tool for computing limits. 
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FIGURE 2.14 The limit f(z) > wo as z zp. 


Theorem 2.1 Let f(z) = u(x, y) + iv, y) be a complex function that 
is defined in some neighborhood of zo, except perhaps at zy = Xy + ivy. Then 


(6) lim f(z) = wo = uo + ivy 


oy 
if and only if 


(7) lim = u(x, y) = up) and lim v(x. ¥) = Vv. 


Oy) oly, ¥a) (4¥) Lp. Yo) 


Proof Let us first assume that statement (6) is true, and show that statement (7) 
is true. According to the definition of limit, for each € > 0, there corresponds a 
6 > 0 such that 


|f(z) — wo| <€, whenever 0 < |z — z| <5. 
Since f(z) — wo = u(x, y) — up + (v(x, y) — vo), We can use equations (2) of Section 
1.3 to conclude that 

[u(x, ¥) ~ wo | S (fl) — wo and |v, y) — vol <= [f@) — wolf. 


It now follows that | u(x, y) — uo| < © and | vx, ¥) — vo] < € whenever 
O0< [z J zo| < 6 so that statement (7) is true. 

Conversely, now let us assume that statement (7) is true. Then for each 
e > 0, there exists 6; > 0 and 6, > 0 so that 


| u(x, y) — uo soe whenever 0 < |z — Z| <8, and 


| v(x, y) — vo | <<, whenever 0 < |z — zo| < 8. 


“ 


Let 6 be chosen to be the minimum of the two values 6; and 52. Then we can use 
the triangle inequality 


|f(z) — wo| = [ut y) — uo| + |v y) — vo| 
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to conclude that 


| fz) = Wo | < = + =e, whenever 0 < |z = Zo | < 6. 


& 
2 
Hence the truth of statement (7) implies the truth of statement (6), and the proof of 
the theorem is complete. 


For example, lim (z? — 2z + 1) = —1. To show this result, we let 


rolag 
fO=2—-2z+1= 2 -— y? — 2x + 14 i(2xy - 2y). 
Computing the limits for u and v, we obtain 
lim wuwxy)=1-1-—2+1=-—-1 and 
(xy dy 
lim vxy)=2-2=0. 
(yy (ld) 


So Theorem 2.1 implies that lim f(z) = —1. 
reli 


Limits of complex functions are formally the same as in the case of real func- 
tions, and the sum, difference, product, and quotient of functions have limits given 
by the sum, difference, product, and quotient of the respective limits. We state this 
result as a theorem and leave the proof as an exercise. 


Theorem 2.2 Let lim f(z) = A and lim g(z) = B. Then 


Fry cm) 


(8) lim (f(z) + g(@)] =A+FB. 


emai) 


(9) lim fiz)g(z) = AB. 


(10) lim f@) 


A 
(2) = rh where B # 0. 
com BIS 


Let u(x, y) be a real-valued function of the two real variables x and y. We say 
that wis continuous at the point (xo. yo) if the following three conditions are satisfied: 


(11) lim u(x, y) exists. 


(iv) Yo) 
(12) u(x, Vo) exists. 


(13) lim — u(x, y) = uo, yo). 


Lay —(xp.¥Q) 


Condition (13) actually contains conditions (11) and (12), since the existence of the 
quantity on each side of the equation there is implicitly understood to exist. For 
example, if u(x, y) = x*/(x* + y*) when (x. y) # (0, 0) and if «(0, 0) = 0. then we 
have already seen that u(x, y) > 0 as (x, y) — (0, 0) so that conditions (11), (12), 
and (13) are satisfied. Hence u(x, y) is continuous at (0, 0). 
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Let f(z) be a complex function of the complex variable z that is defined for all 
values of z in some neighborhood of z). We say that f is continuous at zo if the 
following three conditions are satisfied: 

(14) lim f(z) exists. 


(15) f(zo) exists. 
(16) lim f(z) = f(z). 


Ig 
A complex function fis continuous if and only if its real and imaginary parts 
u and v are continuous, and the proof of this fact is an immediate consequence of 
Theorem 2.1. Continuity of complex functions is formally the same as in the case 
of real functions, and the sum, difference, and product of continuous functions are 
continuous; their quotient ts continuous at points where the denominator is not zero. 
These results are summarized by the following theorems, and the proofs are left as 
exercises. 


Theorem 2.3 Let f(z) = u(x, y) + iv(x, y) be defined in some neighborhood 
of Zp. Then f is continuous at zo = Xp + iyo if and only if u and y are continuous 
at (Xo, Yo). 


Theorem 2.4 Suppose that f and g are continuous at the point z. Then the 
following functions are continuous at Z0: 

(17) Their sum f(z) + g(z). 

(18) Their difference f(z) — g(z). 

(19) Their product f(z)g(z). 


(z) 


(20) Their quotient (2) provided that g(z) # 0. 


>? 
ra 


(21) Their composition f(g(z)) provided that f(z) is continuous in a neighborhood 
of the point g(zo). 


EXAMPLE 2.13 Show that the polynomial function given by 

w= P(z) = ag + az t+ az? +--+ + a2” 
is continuous at each point zp in the complex plane. 

Solution Observe that if ap is the constant function, then lim-,., ao = ao; 
and if a, ~ 0, then we can use definition (5) with f(z) = a,z and the choice 


6 = e/ | ay | to prove that lim._,., a;2 = @)Z. Then using property (9) and mathe- 
matical] induction, we obtain 


5) 


(22) lima zt = az, fork =0,1.2,... 07. 


Tory 


58 Chapter 2 Complex Functions 


Property (8) can be extended to a finite sum of terms, and we can use the result of 
equation (22) to obtain 


(23) lim P(z) = lim ( ax = > ad = Ply). 
peed k=0) 


Lp Illy ‘= 


Since conditions (14), (15), and (16) are satisfied, we can conclude that P is con- 
tinuous at Zo. 


One technique for computing limits is the use of statement (20). Let P and Q 
be polynomials. If Q(z)) # 0, then 


tim PO = Pleo) 
TH) O(z) OZ) ; 


Another technique involves factoring polynomials. If both P(zy) = O and 
o) = 0, then P and Q can be factored as P(z) = (z ~ 2Zp)P;(z) and 
) = (z — zw)Qi(z). If O:(zy) ¥ 0, then the limit is given by 

_ Pe), (= z)Pi@) _ Pile) 

lim —— = lim ————— _ = —— 


sxy O(2) = sory (Z — WOAKZ) Oy (Z) 
EXAMPLE 2.14 show that lim —2——~! 


i 2 = 2z + a 


Solution Here P and Q can be factored in the form 
Piz) =(z-1-D)e2_+14+) and Av) =(2-1-D)e-14+)D 


so that the limit is obtained by the calculation 


zw - 2i PO ( food Gwe) ree, ae) 
lim >——— = in 
soleiZ? — 2242 wisi(z-—1—-O(2-1+9) 
. zt1t+i : 
= lim ——— = — bh 


wii z-1lt+i 


EXERCISES FOR SECTION 2.4 


; . . he ee a ae 2. 
1, Find lim (z° — 4z + 2 + 5p). 2. Find lim a 
poze isi Zz 
ieee z+z-24+i 
3. Find lim ——. 4. Find lim ——————— 
a ie | calei 27 ~ 2z 4+) 


ee ci ea ie 2 
5, Find lim ———~——— by factoring. 6. Show that lim — = 0. 
celei 2? — 22 4+2 r30 < 


10. 


Il. 
12. 
. Let f(z) = z!? = r!?[cos(8/2) + 7 sin(@/2)], where r > O and —x < @ < fm. Use the 


30. 
32. 


. Let f(z) = [z Re(z)]/ 


» Let f(z) = Re(z)/ 

» Let f(z) = [Re()]*/ 

» Let f(z) = 2!" = r!"[cos(0/2) + 7 sin(®/2)], where r > 0 and —2 < @ <= a. Show that 
f(z) is discontinuous at each point along the negative x axis. 
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x . 6.2 
State why lim (e'cos v + ix-v) = ecos vo + ixpyn. 
23co 


State why lim [In(x? + y*) + iy] = In(y, + ¥;) + tye provided that #0. 


on) 


<0 


> 


Show that lim der: = 0. 


ro rf 
zo xv t+ ey 
lz P erty 
(a) Find lim f(z) as z > O along the line vy = x. 
0 


Let f(z) = 


(b) Find lim f(z) as z -> 0 along the line y = 22. 
0 

(c) Find lim f(z) as z > 0 along the parabola y = a°. 
() 


(d) What can you conclude about the limit of f(z) as z > 0? 
Let f(z) = 2c. Show that f(z) does not have a limit as z > 0. 
Does u(x. v) = (x) — 3Bav')/(v? + y*) have a limit as (x. ¥) > (0, 0)? 


polar form of z and show that 
(a) f(z) -> das <-> —1 along the upper semicircle, = 1,0<6< 2. 
(b) f(z) -> — fas 2 —1 along the lower semicircle r = 1, -—m<0<0. 


. Does lim Arg z exist? Why? Hint: Use polar coordinates and let z approach — 4 from 


the upper and lower half planes. 
Determine where the following functions are continuous. 


z+] + 62 + 5 
a) <1 — 92+ iz —2 b) = + 
ae Leer Wh Paes 
) ge ‘ao (f) x t+ iy 
. Seb 2 el z|—1 


when z # 0, and let f(0) = 0. Show that f(z) is continuous for 


“ 


all values of z. 


. Let f(z) = xe’ + ive *. Show that f{z) is continuous for all values of z. 
» Let f(z) = (72 4+ iy? 


=|* when z ¥ 0. and let {(0) = 1. Show that f(z) is not continuous 
atz, = 0. 


“ 


when z # 0. and let f(0) = 1. Is f(z) continuous at the origin? 
z| when z # (). and let /(0) = 1. Is f(z) continuous at the origin? 


Let f(z) = In|z| + ¢ Arg c. where —m < Arg z S 7. Show that f{<) is discontinuous at 
zy = O and at each point along the negative x axis. 


. Let A and B be complex constants. Use Theorem 2.1 to prove that 


lim (Az + B) = Az + B. 


pest) 


. Let Az = 2 — zw. Show that him fiz) = wo if and only if bm f(zp + Az) = wo. 
Pie oe Arov 


a) 


. Let | g(z) | < M and lim f(z) = 0. Show that lim f(z)g(z) = 0. 


=0 


Establish identity (8). 27. Establish identity (9). 28. Establish identity (10). 


. Let f(z) be continuous for all values of <. 


(a) Show that g(z) = f(z) is continuous for all z. 
(b) Show that f(z) = f(z) is continuous for all <z. 
Establish the results of (17) and (18). 31. Establish the result (19), 
Establish the result (20). 33. Establish the result (21). 
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2.5 Branches of Functions 


In Section 2.3 we defined the principal square root function and investigated some 
of its properties. We left some unanswered questions concerning the choices of 
square roots. We now look into this problem because it is similar to situations 
involving other elementary functions. 

In our definition of a function in Section 2.1 we specified that each value of 
the independent variable in the domain is mapped onto one and only one value of 
the dependent variable. As a result, one often talks about a single-valued function, 
which emphasizes the only one part of the definition and allows us to distinguish 
such functions from multiple-valued functions, which we now introduce. 

Let w = f(z) denote a function whose domain is the set D and whose range is 
the set R. If w is a value in the range, then there is an associated inverse function 
Zz = g(w) that assigns to each value w the value (or values) of z in D for which the 
equation f(z) = w holds true. But unless f takes on the value w at most once in D, 
then the inverse function g is necessarily many valued, and we say that g is a 
multivalued function. For example, the inverse of the function w = f(z) = <* is the 
square root function z = g(w) = w!?. We see that for each value < other than 
z = 0, the two points z and ~z are mapped onto the same point w = f(z); hence g 
is in general a two-valued function. 

The study of limits, continuity, and derivatives loses all meaning if an arbitrary 
or ambiguous assignment of function values is made. For this reason we did not 
allow multivalued functions to be considered when we defined these concepts. When 
working with inverse functions, it is necessary to carefully specify one of the many 
possible inverse values when constructing an inverse function. The idea is the same 
as determining implicit functions in calculus. If the values of a function f are de- 
termined by an equation that they satisfy rather than by an explicit formula, then 
we say that the function is defined implicitly or that fis an implicit function. In the 
theory of complex variables we study a similar concept. 

Let w = f(z) be a multiple-valued function. A branch of fis any single-valued 
function fp that is continuous in some domain and, at each point z in the domain, 
assigns one of the values of f(z). 


EXAMPLE 2.15 Letus consider some branches of the two-valued square root 
function f(z) = z!/*. We define the principal square root function as 


iY ; 2 ah 
(1) fi) = r'’cos aa + ir'?sin z = pli2gini2 
where we require that r > 0 and —x < 8 < 7. The function f, is a branch of f; We 
can find other branches of the square root function. For example, let 


; 0+ 27 ,. 9+ 2n : 
(2) fo=) = r'“cos ae 4 ir'sin a = pi2 eet 2nye | 


where r > Qand -n <6 <7. 
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; +e + 20 0 . 84 2n . 8 
If we use the identities cos ———— = —cos — and sin = -sin—, 
2 2 2 2 
then we see that 
7 0 sins 8 ‘5 
flz) = —r'Pcos > — ir'?sin ree — lee = — f(z), 


so f; and f2 can be thought of us ‘‘plus’’ and ‘‘minus’’ square root functions. 


The negative real axis is called a branch cut for the functions f| and fs. It is char- 
acterized by the fact that each point on the branch cut is a point of discontinuity for 
both functions f, and fo. 


EXAMPLE 2.16 To show that the function f, is discontinuous along the neg- 
alive real axis, let z) = roe*” denote a negative real number. Now we compute the 
limit of f\(z) as z approaches z through the upper half plane {z: Im(z) > 0} and the 
limit of f\(z) as z approaches z, through the lower half plane {z: Im(z) < 0}. In polar 
coordinates these limits are given by 


| ae re . cee 
lim fi(re*) = lim r2(cos$ + isin = ir” and 


(PB) U.70) (rH) Un) 


a 


im é = i 8 ae 8 - 12 
li fi(re) lim pe cos — +isin—] = eae 
(rA070.-7) (10) 9(ry.- 0) 2 9) 


“ 


Since the two limits are distinct, the function f, is discontinuous at zg. Likewise, fo 
is discontinuous at z). The mappings w = f\(z) and w = fo(z) and the branch cut are 
illustrated in Figure 2.15. 


FIGURE 2.15 The branches f; and fp of fiz) = 2)”. 
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Other branches of the square root function can be constructed by specifying 
that an argument of = given by @ = arg z is to lie in the interval a < 0 < @ + 27, 
Then the branch f,, is given by 


0 Bur 28 
(3) f.dz) = r'?cos a + ir'sin a where r > Oanda <0 Q@+ 2n. 
The branch cut for f, is the ray r = 0, 89 = o, which includes the origin. The point 
z = 0, common to all branch cuts for the multivalued function, is called a branch 
point, The mapping w = f,(<) and its branch cut are illustrated in Figure 2.16. 


FIGURE 2.16 The branch f, of f(z) = 2!”. 


The Riemann Surface for w = 2? 


A method for visualizing a multivalued function is provided by using a Riemann 
surface. These representations were introduced by G. F. B Riemann (1826-1866) in 
1851. The idea is ingenious, a geometric construction that permits surfaces to be 
the domain or range of a multivalued function. 

Consider w = f(z) = z’”, which has two values for any given z (except, of 
course, for z = 0). Each function fi(z) and f(z), given in Example 2.15 is single- 
valued on the domain formed by cutting the z plane along the negative x axis. Let 
D, and D, be the domain of f,(z) and fA(z), respectively. The range set f,(z) is 
the set H, consisting of right half plane H, plus the positive v axis, and the range 
set f2(z) is the set Hy consisting of Icft half plane H, plus the negative v axis. The 
sets H, and H, are “glued together” along the poitive yv axis and the negative 
y axis to form the w plane with the origin deleted. 

Stack D, to D2 directly above each other. The edge of D, in the upper half 
plane is joined to the edge of D» in the lower half plane, and the edge of D, in the 
lower half plane is joined to the edge of D2 in the upper half plane. When these 
domains are ‘‘glued’’ together in this manner they form R&. which 1s a Riemann 
surface domain for the mapping w = f(z) = <'°. The portion of D,, D3, and R that 
satisfy [z| < 1 are shown in Figure 2.17. 
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ru 


(c) A portion of R and its image under w = z!”. 


FIGURE 2.17 Formation of the Riemann surface for w = z!”. 


EXERCISES FOR SECTION 2.5 


1. Let f\(z) and f(z) be the two branches of the square root function given by equations 
(1) and (2), respectively. Use the polar coordinate formulas in Section 2.3 to 
(a) Find the image of quadrant II, x < 0 and y > O, under the mapping w = f(z). 
(b) Find the image of quadrant I], x < 0 and y > 0, under the mapping w = f(z). 
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(c) Find the image of the right half plane Re(z) > 0 under the mapping w = f;(z). 
(d) Find the image of the right half plane Re(z) > 0 under the mapping w = f2(z). 
Let o@ = 0 in equation (3), and find the range of the function w = f(z). 
Let o = 2m in equation (3), and find the range of the function w = f(z). 
Find a branch of the square root function that is continuous along the negative x axis. 
Let fi(z) = r'?cos(8/3) + ir!sin(6/3). where r > 0 and —x < 8 S m denote the principal 
cube root function. 
(a) Show that f, is a branch of the multivalued cube root function f(z) = z!?, 
(b) What is the range of f|? 
(c) Where is f,; continuous? 
6. Let fo(z) = r'?cos[(8 + 27)/3) + ir)?sin[(8 + 27)/3]. where r > O and -n< 6 <7, 
(a) Show that f is a branch of the multivalued cube root function f(z) = z!3, 
(b) What is the range of f2? 
(c) Where is f2 continuous? 
(d) What is the branch point associated with f? 
7. Find a branch of the multivalued cube root function that is different from those in 
Exercises 5 and 6. State the domain and range of the branch you find. 
8. Let f(z) = z’” denote the multivalued nth root function, where n is a positive integer. 
(a) Show that fis in general an n-valued function. 
(b) Write down the principal mth root function. 
(c) Write down a branch of the multivalued nth root function that is different from the 
one in part (b). 
9. Describe a Riemann surface for the domain of definition of the multivalued function 
w = f(z) = 2!" 
10. Describe a Riemann surface for the domain of definition of the multivalued function 
w = f(z) = 24, 
11. Discuss how Riemann surfaces should be used for both the domain of definition and the 
range to help describe the behavior of the multivalued function w = f(z) = 27. 
12, Show that the principal branch of the argument Arg z is discontinuous at 0 and all points 
along the negative real axis. 


OY ety. 


2.6 The Reciprocal Transformation w= 1/z 
(Prerequisite for Section 9.2) 


The mapping w = 1/z is called the reciprocal transformation and maps the z plane 
one-to-one and onto the w plane except for the point z = 0, which has no image, 
and the point w = 0, which has no preimage or inverse image. Since zz = |z|?, we 
can express the reciprocal transformation as a composition: 


7° 


“ 


The transformation Z = z/ lz is called the inversion mapping with respect to the 
unit circle |z| = 1. It has the property that a nonzero point z is mapped onto the 
point Z such that 


(2) |Z||z| =1 and arg Z = arg z. 


Hence it maps points inside the circle |z| = 1 onto points outside the circle 
|Z| = 1, and conversely. Any point of unit modulus is mapped onto itself. The 
inversion mapping is illustrated in Figure 2.18. 
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x 


FIGURE 2.18 The inversion mapping. 


The geometric description of the reciprocal transformation is now evident 
from the composition given in expression (1). It is an inversion followed by a re- 
flection through the x axis. If we use the polar coordinate form 


1. ; 
(3) w= pe* = —e-®*, where z = re”, 
r 


then we see that the ray r > 0, 8 = a is mapped one-to-one and onto the ray 
p > 0. ¢ = —«a. Also, points that lie inside the circle }z| = | are mapped onto 
points that lie outside the circle | w| = 1, and vice versa. The situation is illustrated 
in Figure 2.19. 


FIGURE 2.19 The reciprocal transformation w = 1/z. 


It is convenient to extend the system of complex numbers by joining to it an 
‘ideal’? point denoted by oe and called the point at infinity. This new set is called 
the extended complex plane. The point o- has the property that 
(4) limz, =e if and only if lim |z,| =o. 


Hoc He 
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An €-neighborhood of the point at infinity is the set {z: |z| > l/e}. The usual way 
to visualize the point at infinity is accomplished by using the stereographic projec- 
tion and is attributed to Riemann. Let 2 be a sphere of diameter 1 that is centered 
at the (0, 0, +) in the three-dimensional space where coordinates are denoted by the 
triple of real numbers (x, y, €). Here the complex number z = x + (y will be asso- 
ciated with the point (x, y, 0). 

The point N = (0, 0, 1) on 2 is called the north pole of ©. Let z be a complex 
number, and consider the line segment L in three-dimensional space that joins z to 
the north pole N. Then L intersects Q in exactly one point &. The correspondence 
z © & is called the stereographic projection of the complex z plane onto the 
Riemann sphere ©. A point z = x + iy of unit modulus will correspond to 

2 ee eee | 


£= 3? re 3) If z has modulus greater than 1, then & will lie in the upper 
hemisphere where — > +. If z has modulus less than 1, then & will lie in the lower 
hemisphere where £ < +. The complex number z = 0 corresponds to the south pole 
JS = (0, 0, 0). It is easy to visualize that z — © if and only if £ > N. Hence N 


corresponds to the ‘‘ideal’’ point at infinity. The situation is shown in Figure 2.20. 


wy 


FIGURE 2.20 The Riemann sphere. 


Let us reconsider the mapping w = 1/z. Let us assign the images w = oo and 
w = 0 to the points z = 0 and z = ©», respectively. The reciprocal transformation 
can now be written as 


\/z when z # 0,z # © 
(5) w=f(z)= 30 whenz=co 
co ~=6r when z = 0. 


It is easy to see that the transformation w = f(z) is a one-to-one mapping of the 
extended complex z plane onto the extended complex w plane. Using property (4) 
of the point at infinity, it is easy to show that fis a continuous mapping from the 
extended z plane onto the extended w plane. The details are left for the reader. 
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EXAMPLE 2.17 Show that the image of the right half plane Re(z) > +, under 
the mapping w = 1/z, is the disk }w — 1] <1. 


Solution The inverse mapping z = 1/w can be written as 


(6) oe 1 u— iv 
xtiy=z2=— = >—,. 
wow + 


Equating the real and imaginary parts in equation (6), we obtain the equations 
2 ut =P. 
(7) x =z and y=. 

ue + ye u- + ve 
The requirement that x > 4+ forces the image values to satisfy the inequality 
(8) u ~ ! 

Par Be 

It is easy to manipulate inequality (8) to obtain 
9) w~Qutlt+yw<, 


which is an inequality that determines the set of points in the w plane that lie inside 
the circle with center wo = 1 and radius |. Since the reciprocal transformation is 
one-to-one, preimages of the points in the disk |w — 1| < 1 will lie in the right 
half plane Re(z) > +. The mapping is shown in Figure 2.21. 


FIGURE 2.21 The image of Re(z) > 1/2 under the mapping w = I/z. 


EXAMPLE 2.18 Find the image of the portion of the right half plane 
Re(z) > + that lies inside the circle |z — +| < 1 under the transformation w = 1/z. 
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Solution Using the result of Example 2.17, we need only find the image 
of the disk |z — +| < | and intersect it with the disk |w — 1| <1. To start with, 
we can express the disk |< — +| < 1 by the inequality 


(0) wrtyr—-x<d. 


We can use the identities (7) to show that the image values of points satisfying 
inequality (10) must satisfy the inequality 
1 u 3 
1) =F - a << .- 
a) wty w+ 4 
Inequality (11) can now be manipulated to yield 
GP < t+ fy¥ + v, 


which is an inequality that determines the set of points in the w plane that lie exterior 
to the circle |w + | = 4. Therefore, the image is the crescent-shaped region 
illustrated in Figure 2.22. 


FIGURE 2.22 The mapping w = 1/z that is discussed in Example 2.18. 


To study images of ‘‘generalized circles,’’ let us consider the equation 
(12) AG? + y)+ Bx + Cv +D=0 


where A, B, C, and D are real numbers. Then equation (12) represents either a circle 
or a line, depending on whether A ~ 0 or A = 0, respectively. If we use polar 
coordinates, then equation (12) has the form 


(13) Ar + r(Bcos 8+ Csin@)+ D=0. 


Using the polar coordinate form of the reciprocal transformation given in equation 
(3), we find that the image of the curve in equation (13) can be expressed by the 
equation 


(14) A+ p(B cos o — C sino) + Dp? = 0, 
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which represents either a circle or a line, depending on whether D ¥ 0 or D = 0, 
respectively. Therefore, we have shown that the reciprocal transformation w = 1/z 
carries the class of lines and circles onto itself. 


EXAMPLE 2.19 Find the images of the vertical lines x = a and the horizontal 
lines y = b under the mapping w = 1/z. 


Solution The image of the line x = 0 is the line uw = 0; that is, the v axis 
is mapped onto the v axis. Similarly, the x axis is mapped onto the wu axis. 

If a # 0, then using equations (7), we see that the vertical line x = a is mapped 
onto the circle 


u 
w+ v2 


(15) 


It is easy to manipulate equation (15) to obtain 


1 | ; Wer, 1 \° 
5s tewHlae- a] thw Hl], 
a 4a- 2a 2a 


uw — —u + 


which is the equation of a circle in the w plane with center wy = 1/(2a) and radius 
| 1/(2a)|. 
Similarly, the horizontal line y = b is mapped onto the circle 


1 1 1\° ry 
2+ yP+—oypt—-raeevrt+{y+—) =(—}], 
Se | ope (: ii (x) 


which has center wy = —i/(26) and radius | 1/(2b)]. The images of several lines are 
shown in Figure 2.23. 


yp 


— 7; 
lh 


a=" 


-|---|---l---}--- b =% 


FIGURE 2.23 The images of horizontal and vertical lines under the reciprocal 
transformation. 
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EXERCISES FOR SECTION 2.6 


For Exercises 1-8, find the image of the given circle or line under the reciprocal 
transformation w = I/z. 


1. 
3. 
5. 


7. 
9, 


10. 


11. 
12. 


13. 
14, 


15. 
16. 


17. 


18. 


19. 


20. 


21, 
22. 


The horizontal line Im(@) = = . 2. The circle |z + #/2| =. 
The vertical line Re(z) = —3. 4, The circle |z + 2| = 1. 
The line 2x + 2y = I. 6. The circle |z — i/2| = 1. 
The circle |z — + =], 8. The circle |z + 1 ~ i] = 2. 
(a) Show that lim (1/z) = 0. (b) Show that a (/z) = ©. 


Show that the reciprocal transformation w = 1/z maps the vertical strip 0 < x < + onto 
the region in the right half plane Re(w) > 0 that lies outside the circle |w — 1| = 1. 


Find the image of the disk |z + 2i/3| < + under the reciprocal transformation. 

Show that the reciprocal transformation maps the disk |z — 1] < 2 onto the region that 
lies exterior to the circle | w + =| =i, 

Find the image of the half plane y > + — x under the mapping w = I/z. 

Show that the half plane y < x ~ + is mapped onto the disk Jw - 1 - if < /2 by the 
reciprocal transformation. 

Find the image of the quadrant x > 1, y > 1 under the mapping w = 1/2. 

Show that the transformation w = 2/z maps the disk |z ~ i| < 1 onto the lower half 
plane Im(w) < —1. 

Show that the transformation w = (2 — z)/z = — 1 + 2/z maps the disk Jz -—1 | <] 
onto the right half plane Re(w) > 0. 

Show that the parabola 2x = 1 ~ y? is mapped onto the cardioid p = 1 + cos 6 by the 
reciprocal] transformation. 

Limits involving oc. The function f(z) is said to have the limit L as z approaches ©, and 
we write 


lim f(z) = L 


if for every € > O there exists an R > Oso that 
|f(z) — L| <e, whenever |z| > R. 
Use this definition to prove that 


z+] 
lim =] 


s0 J 


Show that the complex number z = x + iy is mapped onto the point 


x y r+y 
P+Pt 1 P+ Pt l P+ ytd 


on the Riemann sphere. 

Explain how are the quantities +o, —o», and eo different? How are they similar? 
Write a report on Mobius transformation. Include ideas and examples that are not men- 
tioned in the text. Resources include bibliographical items 12, 23, 24, 30, 36, and 43. 
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Analytic and Harmonic 
Functions 


3.1 Differentiable Functions 


Let f be a complex function that is defined at all points in some neighborhood of zo. 
The derivative of f at zo is written f’(zp) and is defined by the equation 
: _ f(z) — fo) 
(1) f'(zo) = lim fo) 

rary Z— Zo 
provided that the limit exists. When this happens, we say that the function f is 
differentiable at zp. If we write Az = z — Zo, then definition (1) can be expressed in 
the form 
. fla + Az) — f(z) 
lim ——————. 


Aar—0 Az 


(2) f'(Z0) 
If we let w = f(z) and Aw = f(z) — f(zo), then the notation dw/dz for the derivative 
is expressed by 

dw Aw 


3 (zp) = — = lim —. 
(3) Feo) dz noe Az 


EXAMPLE 3.1 If f(z) = 23, show we can use definition (1) to get f'(z) = 32’. 


Solution Calculation reveals that 


3 3 eS > 
3S 2 Hae + ae Fz) 
PG Siig Oe ig SO) 


racy FT ZO i929 z <O 


2 
= 3z5. 


The subscript on zo can be dropped to obtain the general formula f’(z) = 32°. 


We must pay careful attention to the complex value Az in equation (3), since 
the value of the limit must be independent of the manner in which Az — 0. If we 
can find two curves that end at z) along which Aw/Az approaches distinct values, 
then Aw/Az does not have a limit as Az > O and f does not have a derivative at Zo. 
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EXAMPLE 3.2 Show that the function w = f(z) = Z = x — iy is nowhere 
differentiable. 


Solution To show this, we choose two approaches to the point zy = x» + 
iy, and compute limits of the difference quotients. First, we approach zo = xy + iyo 
along a line parallel to the x axis by forcing z to be of the form z = x + iyo: 


oe f(z) — fl) = F(x + iyo) — flo + iyo) 


lir lim - - 
mm XO Led Uy+o9) (+ Fo) — Oo + Fo) 


; (x — iyo) — (o — Fo) 
7 lim Se 
Ue iygran | fvg) GE Xq) + i(¥o we Yo) 


X — Xp 


= lim 
Ly AQ! op) X 7 Xo 


= 1. 


Second, we approach Zp along a line parallel to the y axis by forcing z to be of the 
form z = Xo + iy: 


5 Fy = Fen) ; fo + ty) — fo + iyo) 
eS: Alay | ee 
hay Z 7 2 by: iY) | pd (xo + iy) = (Xo + iyo) 


(xo — ty) — Go — to) 


= lim : 
(94 INQ + Hp) (xy — Xo) =F i(y mo Yo) 
; —i(y — yo) 
— lim — 
Ly Fi v0) LLY — Yo) 


=-1. 


Since the limits along the two approaches are different, there is no computable limit 
for the right side of equation (1). Therefore f(z) = Z is not differentiable at the point 
Zo. Since zy was arbitrary, f(z) is nowhere differentiable. 


Our definition of the derivative for complex functions is formally the same as 
for real functions and is the natural extension from real variables to complex vari- 
ables. The basic differentiation formulas follow identically as in the case of real 
functions, and we obtain the same rules for differentiating powers, sums, products, 
quotients, and compositions of functions. The proof of the differentiation formulas 
are easily established by using the mit theorems. 

Let C denote a complex constant. From definition (1) and the technique ex- 
hibited in the solution to Example 3.1, the following are easily established, just as 
they were in the real case: 


d 
(4) i C = 0, where C is a constant, and 
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d : bined 
(5) Fe z” = nz"-', where n is a positive integer. 
Iz 


Furthermore, the rules for finding derivatives of combinations of two differentiable 
functions f and g are identical to those developed in calculus: 


d 
(6) rE ICf(z)] = Cf'(z), 

d J ' 
(7) Lf(z) + g(z)) = f' (2) + g'(2), 


d 
(8) FE [fel =f glz) + fOs'@, 


d f@ _ f@s@- fax |. 
(9) rer tal ier? . provided that g(z) # 0, 


d 
(10) a F(a) = Fg)’. 


Important particular cases of (9) and (10), respectively, are 


dl — 

qa) eee —, for z * 0 and where z is a positive integer, 
Z rou Ze 
d , ae 

(12) iL LA)" = nL f(z)}’-'f'), where n is a positive integer. 


EXAMPLE 3.3 If we use equation (12) with f(z) = z2 + i2z + 3 and f"(z) = 
2z + 2i, then we see that 


d 
Pa (22 + i2z + 3)4 = B(z2 + 72z + 3 (z + 2). 


Several proofs involving complex functions rely on properties of continuous 
functions. The following result shows that a differentiable function is a continuous 
function. 


Theorem 3.1 iff is differentiable at Zo, then f is continuous at zp. 


Proof Since f is differentiable at zo, from definition (1) we obtain 
f(z) = f(2o) 


lim 
wy 5 7 20 


= f' (zo). 
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Using the multiplicative property of limits given by formula (9) in Section 2.4, we 
see that 
2 Je) = Fo) 
lim [fC2) ~ fleo)] = tim LL LE) |, 
Ico r-350 <7 <O 
. f(z) — flo) ,. 
= lim St) ~ fo) lim (z — Zo) 
I) Ck Soi). 


f' (zo) 0 = 0. 


Hence lim f(z) = f(zp), and f is continuous at zp. 
ty 


— 2) 


iT 


Using Theorem 3.1, we are able to establish formula (8). Letting A(z) = 
J(2g(z) and using definition (1), we write 


A(z) — Alzo) _ se fl2g(2) — flzv)g(Zo) 


A’ (Z) = lim ———— li —— 


4) x aU are os <0 
If we add and subtract the term f(zp)g(z) in the numerator, we can regroup the last 
term and obtain 


Kia Aim f(2)a(z) — f(zo)gt=) ratte flav)g(z) — fl<o)g(Zo) 
sco Zo Zo rip ieee) 
ia i) — f(y) ie + 9Ga in a(z) — g(Z) 
wy <6 23%p RN Z 7 Ww 


Using definition (1) for derivative and the continuity of g, we obtain A’(zo) = 
T'(20)g(Z0) + f(Zo)g’ (Zo). Hence formula (8) is established. The proofs of the other 
formulas are left as exercises. 

The rule for differentiating a polynomial can be extended to complex vari- 
ables. Let P(z) be a polynomial of degree n: 


(13) P(Z) = ay + aye + agz? + + yz”, 


Then mathematical induction can be used with formulas (5) and (7) to obtain the 
derivative of (13): 


(14) P’(z) = ay + 2aoz + 3asz? + + + naz”). 


The proof is left as an exercise. 

Properties of limits and derivatives can be used to establish L’ H6pital’s rule, 
which has the familiar form that is learned in calculus. 

Assume f and g are differentiable at zo. If f(zo) = 0, g(zo) = 0, and g'(z) ¥ 0, 
then 

lim 2) = lim I® . 

rm B(Z) Fate 8'(z) 


Finding limits of the form ‘‘0/0’’ by L’ HGpital’s rule is given in Exercise 7. 
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EXERCISES FOR SECTION 3.1 


1. Find the derivatives of the following functions. 
(a) f(z) = S237 -— 427 + 7z — 8 
(b) g(z) = (<2 — iz + 998 


etl : y 
(c) A(z) = aD for z # ~—2 
(d) F(z) = (22 +  ~ 3Az + Itc? + 322 + 58) 
2. Use definition (1), and show that a = a ; 
dzz rag 


3. I fis differentiable for all z, then we say that fis an entire function. If f and g are entire 
functions, decide which of the following are entire functions. 


(a) [flay (b) f(z)g(z) (c) f(z/g(z) 
(d) f(t/z) (e) f(z - 1) (1) f(g(z)) 
4. Use definition (1) to establish formula (5). 
5. Let P be a polynomial of degree n given by P(z) = ay + ayz ++ + a2". Show that 


Ps) = a, + 2arz +--+ + na,z"”” 
6. Let P be a polynomial of degree 2, given by 


P(z) = (z — 21MZ — 22), 
where z, and z> are distinct. Show that 


P'(z) 1 1 
+ 


PQ) z-2 2-22 


7. Use L’Hopital’s rule to find the following limits. 


(a) lim ne (b) lim ez — fede 
can reli ZO 2+ 2 
es ae | ; zi+d4 

Se a zt ta} a Z~2z+2 

(ec) lim dina! (f) lim ete 

oni A+B iA oH 8 


8. Let f be differentiable at z). Show that there exists a function n(<). such that 


f(z) = fla) + f' (zoe — zo) + WzMz — 2%), where H(z) > 0 as z > 2). 


d ; ee: 
9, Show that A z7) = —nz "|! where nis a positive integer, 
z 


10. Establish the identity 
d ; ; A 
ae AOg()AZ) = fF (Zelze(z) + flzd)e" (Az) + flzde(za'(z). 


11. Show that the function f(z) = |z is differentiable only at the point z) = 0. Hint: To 
show that fis not differentiable at z) # 0, choose horizontal and vertical lines through 
the point z), and show that Aw/Az approaches two distinct values as Az > 0 along those 
two lines. 

12, Establish identity (4). 13. Establish identity (7). 

14, Establish identity (9). 15. Establish identity (10). 
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16. Establish identity (12). 
17. Consider the differentiable function f(z) = z* and the two points z; = | and z. = 7. 
Show that there docs not exist a point c on the line y = 1 — x between | andi such that 


= f'(c). 


This shows that the mean value theorem for derivatives docs not extend to complex 
functions. 

18. Let f(z) = z'” denote the multivalued *‘nth root function,’’ where n is a positive integer. 
Use the chain rule to show that if g(z) is any branch of the mth root function, then 


&(z) 


zie 


SA Ste 
in some suitably chosen domain (which you should specify). 

19, Write a report on Rolle’s theorem for complex functions. Resources include bibliograph- 
ical items 64 and 127. 
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Let f(z) = u(x, vy) + iv(x, y) be a complex function that is differentiable at the point 
zy. Then it is natural to seek a formula for computing f’(zo) in terms of the partial 
derivatives of u(x, y) and v(x, y). If we investigate this idea, then it is easy to find 
the required formula; but we will find that there are special conditions that must be 
satisfied before it can be used. In addition, we will discover two important equations 
relating the partial derivatives of « and v, which were discovered independently by 
the French mathematician A. L. Cauchy* and the German mathematician G. F. B. 
Riemann. 

First, let us reconsider the derivative of f(z) = z?. The limit given in formula 
(1) of Section 3.1 must not depend on how z approaches zp. We investigate two such 
approaches, a horizontal and a vertical approach to zy. Recall from our graphics 
analysis of w = z that the image of a square is a ‘‘curvilinear quadrilateral.’’ For 
convenience, let the square have vertices z) = 2 + i,z) = 2.01 + i,z2 =2 + 1.011, 
and zz; = 2.01 + 1.01i. Then the image points are wy = 3 + 47, wy) = 3.0401 + 
4.027, w. = 2.9799 + 4.047, and wz; = 3.02 + 4.06027, as shown in Figure 3.1. 


*A.L. Cauchy (1789-1857) played a prominent role in the development of complex analysis. and 
you will see his name several times throughout this text. The last name is nof pronounced as 
**kaushee.”’ The beginning syllable has a long ‘‘o’’ sound, like the word kosher, but with the second 
syllable having a long “‘e’” instead of ‘‘er’* at the end. Thus, we pronounce Cauchy as **kOshé.”” 
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z-plane 


FIGURE 3.1. The image of a small square with vertex z) = 2 + / using w = z. 


Approximations for f’(2 + 7) are made using horizontal or vertical increments 


in z: 
% . f201+)-f2+ 1 _ 0.0401 + 0.027 
o) Ee ed 
£2 +1 (2014 )-Q2+D) 001 4.01 + 2i 
and 
(2+ 1.01) -f2+i) _ -0. + 0.04; 
fo+ae f(2 + 1.011) — f( i) _ 0.0201 + 0.04: 25 4 SOIR 


(2 + 1.011) - (24+ 0) 0.01% 


These computations lead to the idea of taking limits along the horizontal and vertical 
directions, and the results are, respectively, 


Hash Ay FOG A Cite ah 
Fe Eo tim SO A 25 
h 70 


f'(2+ i) = lim 
hh *O 
and 


24+ it+th) -f2Qt+i —2h — h* + idh 
PO Se in 
A ih nO in 


=4+42i 


We now generalize this idea by taking limits of an arbitrary complex function 
and obtain an important result. 


Theorem 3.2 (Cauchy-Riemann Equations) Ler f(z) = f(x + iy) = 
u(x, y) + iv(a, y) be differentiable at the point z = Xp + ivo. Then the partial 
derivatives of u and y exist at the point (Xo, yo) and satisfy the equations 


(1) w(x. Yo) = vo. Yo) «and U(X, Yo) = —¥,(%o, Yo). 
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Proof We shall choose horizontal and vertical lines that pass through the point 
(xo, Yo) and compute the limiting values of Aw/Az along these lines. Equating the 
two resulting limits will result in equations (1). For the horizontal approach to zp 
we set z = x + fy¥o and obtain 


lim fx + ivo) — f@o + io) 
(nrypatipayp) X & t¥o — Go + iyo) 


U(X, Yo) — Udo, Yo) + EVO, Vo) — vO, yoo] 


FG) 


= lim 
AM) Xo Xp 
. UC, Yo) — Uo. Yo) |, 4. VOL Yo) ~ VO, Yo) 
= lim + i hm ———_. 
Yay) VT Xy Vo Ny X — Xp 


We sce that the last limits are the partial derivatives of u and v with respect to x, 
and we obtain 


(2) f(z) = axxo, Yo) + ivi(xo, Yo). 

Along the vertical approach to zp, we have < = x) + iy. Calculation reveals that 
F(% + iy) — fo + iyo) 
in —+—- 

Lip Oly) XO ot LYoe> (Xp + ivo) 

lim u(axo, Y) = Uo, Yo) + Avo, y) — vo. Yo] 

voyp ily — Yo) 

v0, 9) — VOX, Yo) 


q : (<p) 


: ... U(Xy, ¥) — UX. Yo) 
lim i lim ——-————— 


YON ¥ — Yo yoy ¥ — ¥o 


tt 


We see that the last limits are the partial derivatives of u and v with respect to y, 
and we obtain 


(3) f' (zo) = ¥\(%. ¥o) — ity(X0, Yo). 


Since fis differentiable at zp, the limits given by equations (2) and (3) must be equal. 
If we equate the real and imaginary parts in equations (2) and (3), then the result is 
equations (1), and the proof is complete. 


At this stage we may be tempted to use equation (2) or (3) to compute f’(<o). 
We now investigate when such a procedure is valid. 


EXAMPLE 3.4 The function f(z) = 3 = x8 — 3xy? + i(3x2v — y3) is known 
to be differentiable. Verify that its derivative satisfies equation (2). 


Solution We can rewrite the function in the form 


f() = u(x vy) + ivy y) = 8 — Bay? + i3xy — y5), 
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from which it follows that 


f'@) = ua y) + ivy. y) = 3x? — By? + i6xy = 302 — v2 + i2xy) = 322. 


EXAMPLE 3.5 The function defined by 


fo = (Ze oe = 3 Fs oy — 3xty 


: i— 
4 erty rt+y 


when z ~ 0 and f(0) = O is not differentiable at the point zy = 0. However, the 
Cauchy-Riemann equations (1) hold true at (0, 0). To verify this, we must use limits 
to calculate the partial derivatives at (0, 0). Indeed, 


xe 0 


Wx,0)— 40,0) . «2 +O 
iOS i ee sain? 
v9) x—-0O + 30 7 


= 1, 


In a similar fashion, one can show that 
u,(O, 0) = 0, v{0,0) = 0, and v0, 0) = 1. 


Hence the Cauchy-Riemann equations hold at the point (0, 0). 
We now show that fis not differentiable at zy = 0. If we let z approach 0 along 
the x axis, then 
f(x + 01) — f(O) _ ine —-0 
(x0) 900.0) «x + 01-0 roo. x — 0 


But if we let approach 0 along the line y = x given by the parametric equations 
x = tfand y = f, then 


. f(t + it) — f(O) : 
lim —————— = lim - 
uno, t+ it- 0 1-0 ft + it 


—t— it 
——=-l. 


Since the two limits are distinct, we conclude that fis not differentiable at the origin. 


Example 3.5 shows that the mere satisfaction of the Cauchy-Riemann equa- 
tions is not a sufficient criterion to guarantee the differentiability of a function. The 
next theorem gives us sufficient conditions under which we can use equations (2) 
and/or (3) to compute the derivative f’(zo). They are referred to as the Cauchy- 
Riemann conditions for differentiability. 


Theorem 3.3 (Sufficient Conditions) Le? f(z) = u(x, y) + iv(x, y) be a 
continuous function that is defined in some neighborhood of the point z) = 
Xo + typ. [fall the partial derivatives u,, uy, v,, and v, are continuous at the 
point (x), yo) and if the Cauchy-Riemann equations u,(xo, yo) = 
vi{xo, Yo) and uy(%o. Yo) = —¥.(%o. Yo) hold, then f is differentiable at Zp, 
and the derivative f'(z) can be computed with either formula (2) or (3). 
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Proof Let Az = Ax + iAy and Aw = Au + iAy, and let Az be chosen small 
enough that z lies in the €-neighborhood of zo in which the hypotheses hold true. 
We will show that Aw/Az approaches the limit given in equation (2) as Az approaches 
zero. The difference Au can be written as 


Au = u(x + Ax, vo + Ay) ~ u(xp, yo). 
If we add and subtract the term u(xy, yo + Ay), then the result is 


(4) Au = [u(x + Ax, yo + Ay) — ulro, Yo + Ay)] 
+ [u(xo, Yo + Ay) — ur, Yo)]. 


Since the partial derivatives u, and u, exist, the mean value theorem for real func- 
tions of two variables implies that a value x* exists between xo and x) + Ax such 
that the first term in brackets on the right side of equation (4) can be written as 


(5) u(xo + Ax, yo + Ay) — ult. Yo + Ay) = u(x*, yo + Ay)Ar. 


Furthermore, since u, and u, are continuous at (xo, yo), there exists a quantity 
such that 


(6) u(x*, yo + Ay) = u(xo, Yo) + 1, 


where €; > 0 as x* + xp and Ay > O. Since Ax > 0 forces x* — x9, we can use 
the equation 


(7) u(%m + Ax, yo + Ay) — uly. yy + Ay) = [4 (Xo, Yo) + Ey JAX, 


where €, > O as Ax - 0 and Ay — O. Similarly, there exists a quantity €2 such that 
the second term in brackets on the right side of equation (4) satisfies the equation 


(8) u(x, Yo + Ay) — ulxo. Yo) = [Uy(%o. Yo) + e2JAy, 


where €2 -> 0 as Ax > O and Ay > 0. 
Combining equations (7) and (8), we obtain 


(9) Au = (u, + €))Ax + (4, + E2)Ay, 


where the partial derivatives u, and u, are evaluated at the point (xo, yo) and €, and 
£2 tend to zero as Ax and Ay both tend to zero. Similarly, the change Av is related 
to the changes Ax and Ay by the equation 


(10) Ay = (vy + €x)Ax + (vy + eg)Ay 


where the partial derivatives v, and v, are evaluated at the point (Xp, yo) and €3 and 
€4 tend to zero as Ax and Ay both tend to zero. Combining equations (9) and (10), 
we have 


(1) Aw = uAx + uAy + i(v,Ax + v,Ay) + €;Ax + e2Ay + i(e3;Ax + egAy). 
The Cauchy-Riemann equations can be used in equation (11) to obtain 


Aw = u,Ax — v,Ay + i(v,Ax + uAy) + €)Ax + e2:Ay + i(esAx + €4Ay). 
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Now the terms can be rearranged to yield 
(12) Aw = u,{Ax + fAy] + iv,[Av + iAy] + €,Av + e2Ay + i(e,Axv + eyAy). 


Since Az = Ax + iAy, we can divide both sides of equation (12) by Az and take the 
limit as Az — 0: 


Aw . . €,Ax €2Ay : E3,Ar F eyAy 
(13) lim — = 4, + fy, + lim | —— + —— + i-— + i-—— |. 
zi Az Az Az Az 


acco Az 330 
Using the property of €; mentioned in equation (6), we have 


: €,Ax x 
lim a 


Ar) 


= lim |e, | < lim |e,| = 0. 
AsO Ar3a0 


Similarly, the limits of the other quantities in equation (13) involving €2, €3, &4 are 
zero. Therefore the limit in equation (13) becomes 
Aw 


lim — = f’ (zo) = u(x, Yo) + iGo, Yo); 
aro) AZ 


and the proof of the theorem is complete. 


EXAMPLE 3.6 The function f(z) = e~’cos x + ie~"sin x is differentiable for 
all z, and its derivative is f’(z) = —e7’sin.x + ie~’cos x. To show this, we first write 
u(x, ¥) = e ‘cos x and v(x, y) = e7*sin x and compute the partial derivatives: 

u(x, ¥) = v(x, y) = —e7’sin.x and 

vx, ¥) = —uy(x, ¥) = e- cos x. 
We see that 4, v, 4, Uy, ¥>, and y, are all continuous functions and that the Cauchy- 


Riemann equations hold for all values of (x, y). Hence, using equation (2), we write 


f(s) = ux, y) + ivy, y) = —e7'sin x + ie~"cos x. 


The Cauchy-Riemann conditions are particularly useful in determining the set 
of points for which a function f is differentiable. 


EXAMPLE 3.7 The function f(z) = x + 3xy? + i(y3 + 3x°y) is differentiable 
only at points that lie on the coordinate axes. 


Solution To show this, we write u(x, y) = x° + 3xy? and v(x, y) = yo + 
3x?y and compute the partial derivatives: 


u(x, y) = 3x? + 3y?, v(x, vy) = 3x? + 30", 
u(x, y) = Oxy, vx, y) = Oxy. 
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Here #, v, uy, Uy, vy», and v, are all continuous, and w(x, y) = v(x, ¥) holds for all 
(x, y). But u(x, y) = —v,(x, y) if and only if 6xv = —6xv, which is equivalent to 
l2xy = 0. Therefore the Cauchy-Riemann equations hold only when x» = 0 or 
v = 0, and according to Theorem 3.3, f is differentiable only at points that lie on 
the coordinate axes. 


When polar coordinates (r, 9) are used to locate points in the plane, it is 
convenient to use expression (5) of Section 2.1 for a complex function; that is, 
f(z) = fre) = utr, 8) + iv, 8). 
In this case, w and v are real functions of the real variables r and 8. The polar form 
of the Cauchy-Riemann equations and a formula for finding f'(z) in terms of the 
partial derivatives of u(r, @) and v(r, 8) are given in the following result which is 
proved in Exercise 13. 


Theorem 3.4 (Polar Form) Let f(z) = u(r, 6) + ivi, 9) be a continuous 
function that is defined in some neighborhood of the point zy = roe. If all 
the partial derivatives u,, Uy, V-, and Vv, are continuous at the point (ro, 8p) and 
if the Cauchy-Riemann equations 


1 — 
(14) u,(r0, 80) = es volo, By) and ¥(ro, 90) = an Ho(To, Bo) 
0 0 


hold, then f is differentiable at x), and the derivative f'(zy) can be computed 
by either of the following formulas: 


(15) f'(zo) = e7o[u,(7o, 8) + iv(ro, 8o)] or 


‘ 1. 
(16) f' (zo) = a e~"0[va(ro, 89) — tdo(7o, 90)]- 
0 


EXAMPLE 3.8 Show that if fis given by 


0 Pe 
f(z) = 2? = r!®cos 5 + ir'?sin >. 


where the domain is restricted to be r > 0 and —x < 68 < 7, then the derivative is 
given by 


-H2 egg — p— pr login — 
r COS san ARN A S$ 
3 5 sm 5 > 


< 2 


1 
= 222 2 
where r > Oand -nt <O6< 7. 


Solution To show this, we write 


) 8 
u(r, 8) = r”cos 5 and vr, 8) = r)? sin = 


“ 
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Here, 


1 1 i] 
u(r, 8) = —v,(r, 8) =-—r-'?cos- and 
r 2 2 


vr, 8) = aa u(r, 0) = 
r 


Using these results in equation (15), we obtain 


fl 8 1 8 
(zp) = e  *[ — — 142 —4+ j-pr sin — 
f' (%) =e (3, cos 5 + i5r sin?) 


1 I ] 
~ief — p-12giv2 ) = — p-ig-02 = 
e (3 rite ae ae 


EXERCISES FOR SECTION 3.2 


1. 


13. 


Use the Cauchy-Riemann conditions to show that the following functions are differ- 
entiable for all z, and find f'(z). 

(a) f(z) = iz + 4: (b) f(z) =z 

(c) f(z) = —2(xy + x) + iG? - 2y — y’) 

Let f(z) = e*cos y + ie‘sin y. Show that both f(z) and f’(z) are differentiable for all z. 
Find the constants a and b such that f(z) = (2x — y) + i(ax + by) is differentiable for 
all z. 

Show that f(z) = (y + ix)/(x? + y?) is differentiable for all z # 0. 

Show that f(z) = e**"[cos(y? — x°) + i sin(y? — x°)] is differentiable for all z. 

Use the Cauchy-Riemann conditions to show that the following functions are nowhere 
differentiable. 

(a) f(z) =z (b) giz) =z +2 

(c) A(z) = e*cos x + ie’sin x 


. Let f(z) = |z P. Show that fis differentiable at the point zy = 0 but is not differentiable 


at any other point. 


. Show that the function f(z) = x° + y? + i2xy has a derivative only at points that lie on 


the x axis. 
Let f be a differentiable function. Establish the identity | f"(z) |? =u) +1 = ue + ve. 


. Let f(z) = Un r)? — 6? + (20 In r where r > 0 and —n < ® < 7. Show that f is 


differentiable for r > 0, —m < 6 < 1, and find f(z). 


. Let f be differentiable at z) = roe‘’o. Let z approach zy along the ray r > 0, 8 = Q), and 


use definition (1) of Section 3.1 to show that equation (15) of Section 3.2 holds. 


. A vector field F(z) = U(x, y) + iV(x, y) is said to be irretational if U(x, y) = Vy, y). 


It is said to be solenoidal if U,(x, y) = —V,(x, y). If f(z) is an analytic function, show 
that F(z) = f(z) is both irrotational and solenoidal. 

The polar form of the Cauchy-Riemann equations. 

(a) Use the coordinate transformation 


x=rcos® and v=rsin8 
and the chain rules 


ox oy Ox oy 
u,=ue— +uy— and w=u,—+u4u,— ete. 
or “or 08 " 08 
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to prove that 


u, = u,cos @ + wysin@ and uw = —ursin@ + wrcos 8 and 
v, = v,cos 8+ v,sin@ and vy, = —vrsin 6 + y,rcos 8, 


(b) Use the results of part (a) to prove that 
ru,=v, and rv, = —Up. 


14, Explain how the limit definition for derivative in complex analysis and the limit defi- 
nition for the derivative in calculus are different. How are they similar? 

15. Write a report on Cauchy-Riemann equations and the other conditions that guarantee 
that f(z) is analytic. Resources include bibliographical items 21, 39, 62, 72, 86, 155, 
and 161. 
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It is seldom of interest to study functions that are differentiable at only a single 
point. Complex functions that have a derivative at all points in a neighborhood of 
zo deserve further study. In Chapter 7 we will learn that if the complex function f 
can be represented by a Taylor series at zp, then it must be differentiable in some 
neighborhood of zo. The function f is said to be analytic at zp if its derivative exists 
at each point z in some neighborhood of zp. If fis analytic at each point in the region 
R, then we say that fis analytic on R. If fis analytic on the whole complex plane, 
then f is said to be entire. 

Points of nonanalyticity are called singular points. They are important for 
certain applications in physics and engineering. 


EXAMPLE 3.9 The function f(z) = x? + y? + i2xy is nowhere analytic. 


Solution We identify the functions u(x, y) = x? + y? and v(x, y) = 2xy. 
The equation u, = v, becomes 2x = 2x, which holds everywhere. But the equation 
uy = —v, becomes 2y = —2y, which holds only when y = 0. Thus f(x) is differ- 
entiable only at points that lie on the x axis. However, for any point zo = x9 + O7 
on the x axis and any 5-neighborhood of zp, the point z; = x9 + i8/2 is a point where 
fis not differentiable. Therefore fis not differentiable in any full neighborhood of 
Zo, and consequently it is not analytic at Zo. 


We have seen that polynomial functions have derivatives at all points in the 
complex plane; hence polynomials are entire functions. The function f(z) = 
e*cos y + fe*sin y has a derivative at all points z, and it is an entire function. 

The results in Section 3.2 show that an analytic function must be continuous 
and must satisfy the Cauchy-Riemann equations. Conversely, if the Cauchy- 
Riemann conditions hold at all points in a neighborhood of zo, then f is analytic at 
zo. Using properties of derivatives, we see that the sum, difference, and product of 
two analytic functions are analytic functions. Similarly, the quotient of two analytic 
functions is analytic, provided that the function in the denominator is not zero. The 
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chain rule can be used to show that the composition g( f(z)) of two analytic functions 
fand g is analytic. provided that g is analytic in a domain that contains the range 
of f. 

The function f(z) = l/c is analytic for all z # O; and if P(z) and Q(z) are 
polynomials, then their quotient P(z)/Q(z) is analytic at all points where Q(z) # 0. 
The square root function is more complicated. If 


(ly) fie cls r'2¢os 2 + ir'?sin . wherer>O and -xr< O07, 

then fis analytic at all points except cy) = 0 and except at points that lie along the 

negative x axis. The function f(z) = z!" defined by equation (1) is not continuous 

at points that lie along the negative v axis, and for this reason it is not analytic there. 
Let (x, y) be a real-valued function of the two real variables x and y. The 

partial differentia] equation 


(2) Oytvyv) + 0.0.7) = 0 


is known as Laplace's equation and is sometimes referred to as the potential equa- 
tion. If 6, ,. O,. O4,. O. O., and o,, are all continuous and if o(x, y) satisfies 
Laplace's equation, then (x, y) ts called a harmonic function. Harmonic functions 
are important in the areas of applied mathematics, engineering, and mathematical 
physics. They are used to solve problems involving steady state temperatures, two- 
dimensional electrostatics. and ideal fluid flow. An important result for our studies 
is the fact that if /(z) = ay, ¥) + fv(y,¥) is an analytic function, then both a and v 
are harmonic functions. In Chapter 10 we will see how complex variable techniques 
can be used to solve some problems involving harmonic functions. 


Theorem 3.5 Let f(z) = uly y) + ivy, y) be an analytic function in the 
domain D, If all second-order partial derivatives of u and v are continuous, 
then both u and v are harmonic functions in D, 
Proof Since f is analytic. « and v satisfy the Cauchy-Riemann equations 
(3) w=, and w= —1. 
If we differentiate both sides of equations (3) with respect to x, we obtain 
(4) wy= vy, and wy = —-¥y. 


Similarly. if we differentiate both sides of equations (3) with respect to v, then we 
obtain 


(5) wy =v, and mw, = -VY,. 


Since the partial derivatives u,,, Wy). Vy. and v,, are all continuous, a theorem from 
the calculus of real functions states that the mixed partial derivatives are equal: that 
Is, 


(6) uy =H, and wy = va 
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If we use equations (4), (5), and (6), then it follows that #., + uy = Vey — Vw = 0. 
and vy, + wy = ayy + ayy = O. Therefore both « and v are harmonic functions. 


Remark for Theorem 3.5 Corollary 6.2 in Chapter 6 will show that if f(z) is 
analytic, then all the partial derivatives of w and v are continuous. Hence Theorem 
3.5 holds for all analytic functions. 


On the other hand, if we are given a function u(x, y) that is harmonic in the 
domain D and if we can find another harmonic function v(x, y), where their first 
partial derivatives sulisfy the Cauchy-Riemann equations throughout D, then we say 
that v(x, ¥) is the Farmonic conjugate of u(x, ¥). It then follows that the function 
f(z) = ux, ¥) + ivr, y) is analytic in D, 


EXAMPLE 3.10 If u(y) = 2? — v. then ayy, y) + Wy (yy) = 2-2 = 0; 
hence wis a harmonic function. We find that v(x. v) = 2.xyv is also a harmonic function 
and that 


= v= Qe and ty = —Vy = —2y. 
Therefore v is the harmonic conjugate of uw, and the function f given by 
P(e Se Faas 


is an analytic function, 


Harmonic functions are easily constructed from known analytic functions. 


EXAMPLE 3.11 The function f(z) = 2° = x? — 3xv? + i(3x°v — ¥3) is analytic 
for all vaJues of z, hence it follows that 


u(x, vy) = Rel f(s)} = a — 3x 
is harmonic, and 
vox. y) = Imp f()) = 3axry -— 


is the harmonic conjugate of u(x, y). Their graphs are given in Figures 3.2 and 3.3. 
The partial derivatives are w(x. vy) = 3x? — 3y°, wx, vy) = —O6xy, GY, v) = Oxy, 
and v(x, y) = 3x° — 3y°, and are easily shown to satisfy the Cauchy-Riemann 
equations. At the point (x, ¥) = (2, —1), we have #2, —1) = v{2, —1) = 9, and 
these partial derivatives can be seen along the edges of the surfaces for w and v 
where x = 2 and y = —1, Similarly, #(2, -1) = 12 and v,(2, -1) = —12 can also 
be seen along the edges of the surfaces for w and v where x = 2 and y = —1. 
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FIGURE 3.2 Graph of u(x, y) = x3 — 3xy?. FIGURE 3.3 v(x, y) = 3x*y — y’. 


Complex variable techniques can be used to show that certain combinations 
of harmonic functions are harmonic. For example, if v is the harmonic conjugate of 
u, then their product o(x, y) = u(x, y)v(x, y) is a harmonic function. This can be 
verified directly by computing the partial derivatives and showing that equation (2) 
holds true, but the details are tedious. 

If we use complex variable techniques, we can start with the fact that f(z) = 
u(x, y) + iv(x, y) 1s an analytic function. Then we observe that the square of f is 
also an analytic function and is given by [f(z)]* = [u(x, y)]? — [v(x, y)]? + i2u 
(x, y)v(x, y). Hence the imaginary part of f* is 2u(x, y)v(x, y) and is a harmonic 
function. Since a constant multiple of a harmonic function is harmonic, it follows 
that @ is harmonic. It is left as an exercise to show that if u, and u2 are two harmonic 
functions that are not related in the preceding fashion, then their product need not 
be harmonic. 


Theorem 3.6 (Construction of a Conjugate) Let u(x, y) be harmonic 
in an €-neighborhood of the point (xo, yo). Then there exists a conjugate har- 
monic function v(x, y) defined in this neighborhood, and f(z) = u(x, y) + 
iv(x, y) is an analytic function. 


Proof The harmonic function u and its conjugate harmonic function v will 
satisfy the Cauchy-Riemann equations u, = v, and u, = —v,. We can construct 
v(x, y) in a two-step process. First integrate v, (which is equal to u,) with respect to 
y: 


(7) v(x, y) = i u(x, y)dy + C(x), 
where C(x) is a function of x alone (that is, the partial derivative of C(x) with respect 


to y is zero). Second, we are able to find C’(x) by differentiating equation (7) with 
respect to x and replacing v, with —u, on the left side: 


d 
Sh HAE So | ux(x, y)dy + C'(x). 
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Since u is harmonic, all terms except those involving x in equation (8) will 
cancel, and a formula for C’(x) involving x alone will be revealed. Now elementary 
integration of the single-variable function C’(x) can be used to discover C(x). 


This technique is a practica] method for constructing v(x, y). Notice that both 
u,(x, ¥) and u,(x, y) are used in the process. 


EXAMPLE 3.12 Show that u(x. y) = xy? — x3y is a harmonic function and 
find the conjugate harmonic function v(x, y). 

Solution The first partial derivatives are 
(9) uw, y) = > — 3x*y) and u(x, y) = 3xy — 
To verify that u is harmonic, we use the second partial derivatives and see that 
Uy (x, Y) + U(x, y) = —Oxy + 6xv = 0, which implies that uw is harmonic. To 
construct v(x, y), we start with equation (7) and the first of equations (9) to get 
(10) v(x, y) = fo — 3x*y)dy + Cy) = ty4 ~ $y"? + CQ). 


Differentiate the left and right sides of equation (10) with respect to x and use 
—uy(x, y) = v(x, y) and equations (9) on the left side to get 


(1) —3xy? + 8 = 0 — 3x" + C’(X). 
Cancel the terms involving both x and y in equation (11) and discover that 
(12) Cw) = x? 


Integrate equation (12) and get C(x) = 4x4 + C, where C is a constant. Hence the 
harmonic conjugate of u is 


Way) = dat = Fatt byt + C 


il 
x 


EXAMPLE 3.13 Let fbe an analytic function in the domain D. If |f(z)| 
where K is a constant, then f is constant in D. 


Solution Suppose that K = 0, Then | f(z)|? = 0, and hence u? + v? = 0. 
It follows that both vu = 0 and v = 0, and therefore f(z) = 0 in D. 

Now suppose that K # 0; then we can differentiate the equation u? + v? = 
K? partially with respect to x and then with respect to y to obtain the system of 
equations 


(13) 2uu, + 2vv, =O and 2uu, + 2vv, = 0. 


3.3. Analytic Functions and Harmonic Functions 89 


The Cauchy-Riemann equations can be used in equations (13) to express the system 
in the form 


(14) wu, — vu, =O and vu, + un, = 0. 


Treating u and v as coefficients, we easily solve equations (14) for the unknowns 
u, and u,: 


D a 
0 u 0 
uo = = > =0 and 
uo-vV ur + y2 
¥ u 
u 0 
v 0 0 
“=F = a = 0. 
uo-v ur + ye 
v u 


A theorem from the calculus of real functions states that the conditions u, = 0 and 
u, = 0 together imply that u(x, y) = c,; where c; is a constant. Similarly, we find 
that v(x, vy) = c2, and therefore f(z) = ¢; + ico. 


Harmonic functions are solutions to many physical problems, Applications 
include two-dimensional models of heat flow, electrostatics, and fluid flow. For 
example, let us see how harmonic functions are used to study fluid flows. We must 
assume that an incompressible and frictionless fluid flows over the complex plane 
and that all cross sections in planes parallel to the complex plane are the same. 
Situations such as this occur when fluid is flowing in a deep channel, The velocity 
vector at the point (x, y) is 


(15) VG, ») = pl, y) + tgG, ¥) 


and is illustrated in Figure 3.4. 


>_> 
-~ ry, ear 
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FIGURE 3.4 The vector field V(x, y) = p(x, y) + ig(x, y), which can be 
considered as a fluid flow. 


90 Chapter 3 Analytic and Harmonic Functions 


The assumptions that the flow is irrotational and has no sources or sinks 1m- 
plies that both the curl and divergence vanish, that is, g, — py = 0 and p, + q, = 0. 
Hence p and q obey the equations 


(16) p.l, y) = —q(x, y) and p(x, y) = 9¢.(%, y). 


Equations (16) are similar to the Cauchy-Riemann equations and permit us to define 
a special complex function: 


(17) f(z) = ux, y) + ivi, y) = px y) — igtx, y). 
Here we have u, = py, Uy = Py, Vy = —qy, and v, = —q,. Now equations (16) can 
be used to obtain the Cauchy-Riemann equations for f(z): 
(18) 4G, y) = px, y) = ~gyy y) = vy, y), 
u(x, y) > Py, y) ma qa, y) _ —Vx, y). 


Therefore the function f(z) defined in equation (17) is analytic, and the fluid flow, 
equation (15), is the conjugate of an analytic function, that is, 


(19) Vix, vy) = f(D). 


In Chapter 6 we will prove that every analytic function f(z) has an analytic 
antiderivative F(z); hence we are justified to write 


(20) F(z) = o@, ») + rb, y), where F’(z) = f(z). 


Observe that (x, y) is a harmonic function. If we use the vector interpretation of a 
complex number, then the gradient of (x, y) can be written as follows: 


(21) grad o(x, y) = 6,(x, y) + i,(y, y). 


The Cauchy-Riemann equations applied to F(z) give us 6, = —w,, and equa- 
tion (21) becomes 


(22) grad O(a, y) = 0.(%, y) — ah, vy) = 0.0, y) + ab, y). 


Theorem 3.2 says that o,(x, y) + &b,(x, y) = F’(z). which can be substituted in 
equation (22) to obtain 


(23) grad (x, y) = F’(). 


Now use F’(z) = f(z) in equation (23) to conclude that (x, y) is the scalar potential 
function for the fluid flow in equation (19), that is, 


(24) V(x, y) = grad o(, y). 


The curves (x, y) = constant are called equipotentials. The curves (x, y) = 
constant are called streamlines and describe paths of fluid flow. In Chapter 10 we 
will see that the family of equipotentials is orthogonal to the family of streamlines 
(see Figure 3.5). 


3.3. Analytic Functions and Harmonic Functions 91 


Streamline 


FIGURE 3.5 The families of orthogonal curves {6(x, y) = constant} and 
{W(x, y) = constant} for the function F(z) = o(x, y) + rb(x, y). 


EXAMPLE 3.14 Show that the harmonic function o(x, y) = x° — y? is the 
scalar potential function for the fluid flow 


V(x, y) = 2x — i2y. 


Solution The fluid flow can be written as 
Via, vy) = f(z) = 2x + Ry = 2z. 


The antiderivative of f(z) = 2< is F(z) = z?, and the real part of F(z) is the desired 
harmonic function: 


(x, y) = RelF(z)] = Re[x? — y* + i2xy] = x? — yw. 


Observe that the hyperbolas o(x, y) = x* — y? = C are the equipotential curves, and 
the hyperbolas W(x, vy) = 2xy = C are the streamline curves; these curves are or- 
thogonal, as is shown in Figure 3.6. 
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FIGURE 3.6 The equipotential curves x° — y° = C and streamline curves 
2xyv = C for the function F(z) = z. 


EXERCISES FOR SECTION 3.3 


S&whn 


10. 


11. 


12. 


Show that the following functions are entire. 

(a) f(z) = cosh x sin y —fsinhx cosy (b) g(z) = cosh x cos y + 7 sinh.x sin y 
State why the composition of two entire functions is an entire function. 

Determine where f(z) = 1° + 3xy° + Hy? + 3x*y) is differentiable. Is fanalytic? Why? 
Determine where f(z) = 8x — x" — xy? + i(xty + y* — 8y) is differentiable. Is fanalytic? 
Why? 

Let f(z) =a -— we t+ i2| xy |. 

(a) Where does f have a derivative? (b) Where is f analytic? 

Show that u(y. y) = e'cos y and v(x, ¥) = e'sin y are harmonic for al] values of (x. y). 
Let w(x, vy) = Inte + y-) for (vy. vy) # (0, 0). Compute the partial derivatives of 4. and 
verify that « satisfies Laplace’s equation. 

Let a, 6, and c be real constants. Determine a relation among the coefficients that will 
guarantee that the functions @(x. y) = ax? + bay + cv? is harmonic. 

Does an analytic function f(z) = u(x, vy) + évcy. vy) exist for which v(x, y) = 4% + ¥*? 
Why? 

Find the analytic function f(z) = u(x. y) + ivy, y) given the following. 

(a) ux y) = — Bary (b) wy, ¥) = sin y sinh 

(c) vx y) = e's (d) v(x, y) = sinx cosh 

Let v(x, y) = arctan(y/x) for x # 0. Compute the partial derivatives of », and verify that 
v satisfies Laplace's equation. 

Let w(x, y) be harmonic. Show that U(x, y) = u(x, —y) is harmonic. Hint: Use the chain 
rule for differentiation of real functions. 


22. 


26. 


27, 
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Let wytas iy) = a? — yr and wet. vy) = x8 — 3xv-. Show that uw) and wm. are harmonic 
functions and that their product (xy, yoda, ¥) is not a harmonic function. 
Let » be the harmonic conjugate of 4, Show that —w is the harmonic conjugate of vy. 


. Let be the harmonic conjugate of wv. Show that = 4? — v7 is a harmonic function. 


Suppose that vis the harmonic conjugate of w and that wv is the harmonic conjugate of 
vy. Show that « and » must be constant functions. 


. Let f be an analytic function in the domain D. If f’(z) = 0 for all < in D, then show that 
fis constant in D, 


Let f and g be analytic functions in the domain D. If f"(z) = g¢'(s) for all z in D, then 
show that f(z) = g(z) + C. where C is a complex constant. 

Let f be a nonconstant analytic function in the domain D. Show that the function 
u(s) = f(z) is not analytic in D. 

Let f(z) = f(re) = In r + (0 where r > O and -—x < 6 < 7m. Show that fis analytic in 
the domain indicated and that f’(z) = I/z. 


- Let f(z) = f(re’®) = u(r, 8) + ivi. 8) be analytic in a domain PD that does not contain 


the origin. Use the polar form of the Cauchy-Riemann equations u, = —?rv,, and», = 
ru,, and differentiate them with respect to @ and then with respect to r. Use the results 
to establish the polar form of Laplace’s equation: 


ru,dr. 9) + ru. 8) + uy,0r, @) = 0. 


Use the polar form of Laplace’s equation given in Exercise 21 to show that air. 0) = 
r'cos n@ and v(r, 8) = r"sin 28 are harmonic functions. 


» Use the polar form of Laplace’s equation given in Exercise 2] to show that 


u(r, 8) = (, us 1) cos®@ and ir. #) = ¢ = *) sin 8 
are harmonic functions. 
Lei f be an analytic function in the domain D. Show that if Re[ f(z)} = 0 at all points 
in D, then fis constant in D. 
Assume that F(z) = oy, y) + Ably, y) is analytic in the domain PD and that F'(z) ¥ 0 in 
D. Consider the families of leve] curves {O(¥. y) = constant} and {W(x ¥) = constant}. 
which are the equipotentials and streamlines for the fluid flow V(x, y) = F'(z). Prove 
that the two families of curves are orthogonal. Hint: Suppose that (4. Yo) 18 a point 
common to the two curves o(x. v) = c) and W(x, v) = cr. Take the gradient of o and v, 
and show that the normals to the curves are perpendicular. 
The function F(z) = \/z is used to determine a field known as a dipole. Express F(z) in 
the form F(z) = O(a, v) + Ab(y, vy) and sketch the equipotentials @ = 1. 1/2. 1/4 and the 
streamlines W = 1, 1/2, 1/4. 
The logarithmic function will be introduced in Chapter 5. Let Fiz) = log z = In + 
farg <. Here we have (x. vy) = In and W(x, vy) = arg 2. Sketch the equipotentials 
@ = 0, In 2. In 3, In 4 and the streamlines i = kx/8 fork = OJ 1.....7. 


ed 


a 


. Discuss and compare the statements ‘‘f(z) is analytic” and ‘‘f(z) is differentiable.”’ 


Discuss and compare the statements *‘u(x. y) is harmonic” and ‘"u#(y, v) is the imaginary 
part of an analytic function,” 

Write a report on analytic functions. Include a discussion of the Cauchy-Riemann cqua- 
tions and the other conditions that guarantee that f(z) is analytic. Resources include 
bibliographical items 21, 39. 62, 72. 86, 155. and 161. 
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31. 


32. 


34. 
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Write a report on harmonic functions. Include ideas and examples that are not mentioned 
in the text. Resources include bibliographical items 2, 14, 28, 61, 69, 70. 71, 76. 77, 
85, 98, 111, 113, 131, 135, 138, 158, and 165. 

Write a report on how computer graphics are used for graphing harmonic functions and 
complex functions and conformal mappings. Resources include bibliographical items 
33, 34, 109, and 146. 


. Write a report on fluid flow and how it is related to harmonic and analytic functions. 


Include some ideas not mentioned in the text. Resources include bibliographical items 
37, 46, 91, 98, 124, 141, 145, 158, and 166. 

Write a report on the Polya vector field. Resources include bibliographical items 25, 26, 
27, and 83. 


4 


Sequences, Series, and 
Julia and Mandelbrot Sets 


In this chapter we learn the basics for complex sequences and series. We also explore 
an application of these ideas in what has popularly come to be known as chaotic 
processes. 


4.1. Definitions and Basic Theorems 
for Sequences and Series 


In formal terms, a complex sequence is a function whose domain is the positive 
integers and whose range is a subset of the complex numbers. The following are 
examples of sequences: 


a pm=(2-e(s+ti wana co 
n n 
(2) g(a) = ell) (n= 1,2,3,...), 


1 
(3) A(t) = 54+ 35+ (; 


1 i\'" 
(4) rm = (F+4) (n = 1,2,3, ...). 

For convenience, we at times use the term sequence rather than complex se- 
guence. If we wish a function s to represent an arbitrary sequence, we could specify 
it by writing s(1) = z, s(2) = zs, (3) = z3, and so on. The values z), Z2, 23,. - -, 
are called the terms of a sequence, and mathematicians, being generally lazy when 
it comes to things like this, often refer to z), z2, 23, etc., as the sequence itself, even 
though they are really speaking of the range of the sequence when they do this. You 
will usually see a sequence written as {z,}7_,, {Z,}7, or, when the indices are un- 
derstood, as {z,}. Mathematicians are also not so fussy about starting a sequence at 
zy), so that {z,}°__ 1, {zn}, etc., would also be acceptable notation, provided all 
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terms were defined. For example, the sequence r given by equation (4) could be 
written in a variety of ways: 


(Coa) a Coe (cae 
(+5) }.-0 


The sequences f and g given by equations (1) and (2) behave differently as n 
gets larger and larger. The terms in equation (1) approach 2 + 5i = (2, 5), while 
those in equation (2) do not approach any one particular number, as they simply 
oscillate around the eight eighth roots of unity on the unit circle. Informally, the 
sequence {z,,}7 has € as its limit as n approaches infinity, provided the terms z, can 
be made as close as we please to ¢ by making 7 large enough. When this happens, 
we write 
(5) limz,=€, or 327 as no, 


A> 
If lim z, = ¢, we say that the sequence {z,}7 converges to C. 
N00 
We need arigorous definition for statement (5), however, if we are to do honest 
mathematics. Thus, we have the following. 


Definition 4.1 lim z, = € means that for any real number & > 0 there 


neo 
corresponds a positive integer N, (which depends on €) such that z, € DAG) 
whenever n > N,. 


Note: The reason we use the notation N, is to emphasize the fact that this 
number depends on our choice of €. Sometimes it will be convenient to drop the 
subscript. Figure 4.1 illustrates a convergent sequence. 


All terms z,, for > N,, 
are inside this disk D,(¢). 
receipe 


FIGURE 4.1 A sequence that converges to C. 


In form, Definition 4.1 is exactly the same as the corresponding definition for 
limits of real sequences. In fact, there is a simple criterion that casts the convergence 
of complex sequences in terms of the convergence of real sequences. 
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Theorem 4.1 Let z, = x, + iy, and © = u + iv. Then, 
(6) lim z, = ifand only if 


li—poo 


(7) lim x, =u and 


Noe 


(8) limy, = v. 


Neo 


Proof First we will assume statement (6) is true, and from this deduce the truth 
of statements (7) and (8). Let € be an arbitrary positive real number. To establish 
statement (7), we must show that there is a positive integer NV, such that the inequality 
| Xn - u| < e€ holds whenever n > N,. Since we are assuming statement (6) to be 
true, we know according to Definition 4.1 that there is a positive integer N, such 
that z, € D(C) if n > N,. Recall that z, € D(C) is equivalent to the inequality 
|Z, — ¢| <. Thus, whenever n > N,, we have 


[xi _ u| = | Re(z,, - 6) | 
| Zn -C | (by inequality (2) of Section 1.3) 
<€, 


{A 


and this proves statement (7). In a similar way, it can be shown that statement (6) 
implies statement (8), and we leave this verification as an exercise. 
To complete the proof of this theorem, we must show that statements (7) and 
(8) jointly imply statement (6). Let € > 0 be an arbitrary real number. By statements 
(7) and (8) there exists positive integers NV, and M, such that 
£ 


(9) [xn > w| < 5° whenever n > N,, and 


E 
(10) [yn -— vf < whenever n > M,. 


2 > 
Let L, = max{N,, M,}. Then ifn > L,, we see that 

| Zn a C| = | (%n + iy,) ae (u + iv)| 
= | Xn i u) + iY, ~ v) | 
< | Gn _ u) | + | i( Vn 7 v)| (What is the reason for this step?) 
= |@,—- | + |i] |On— v)| @y properties of absolute value) 
= | (x, — )| + | (yn — v)| (since |i| = 1) 
< 5 + - (by statements (9) and (10)) 
=€E. 


We needed to show the strict inequality |z, — ¢| < €, and the next to the last 
line in the preceding proof gives us precisely that. Note also that we have been 
speaking of the limit of a sequence. Strictly speaking, we are not entitled to use this 
terminology, since we have not proved that a given complex sequence can have 
only one limit. The proof of this, however, is almost identical to the corresponding 
result for real sequences, and we have left it as an exercise. 
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EXAMPLE 4.1 Consider z, = [Jn + i(n + 1)]/n. Then we write 


. ] ati 
Zn = In ty, = TI ; 
Yn n 


Using results about sequences of real numbers, which are studied in calculus, we 
find that 


; : l . ati 
lim x, = lim —==0 and lim y, = Jim a 


i309 noe VSR noe N-y00 n 


Therefore 


J/ntinti1) . 
=f, 


lim z, = lim 


I 908 Nove nt 


EXAMPLE 4.2 Let us show that {(1 + i)"} diverges. In this case, we have 
z, = (1 + iy" = ( /2)'cos eke + i( /2)"sin ls 
Sun j Ve“ ih 4 Vers 4 < 


Since the real sequences {(/2)"cos(nn/4)} and {(./2)"sin(n0/4)} both diverge, we 
conclude that {(1 + i)”} diverges. 


As is the case with the real numbers, we also have 


Definition 4.2 The sequence {z,} is said to be a Cauchy sequence if for 
every & > O there exists a positive integer N, such that if n, m > N,, then 
| zn _ a < ¢, or, equivalently, Z, — Zm belongs to the disk D, (0). 


The following should now come as no surprise. 
Theorem 4.2 /f {z,} is a Cauchy sequence, {z,} converges. 


Proof Let z, =x, + iy,. Using the techniques of Theorem 4.1, it is easy to 
show that both {x,} and {y,} are Cauchy sequences of real numbers. Since Cauchy 
sequences of real numbers are convergent, we know that 


lim x, =x) and lim y, = yo 


Hes. Es hos dcad 
for some real numbers xy and yo. By Theorem 4.1, this means 


lim Z, = Zo, 


Ne 


where zo = Xo + iyo. In other words, the sequence {z,,} converges to Zp. 


4.1 Definitions and Basic Theorems for Sequences and Series 99 


Let {c,} be a complex sequence. We can form a new sequence {S,}, called 
the sequence of partial sums, in the following way: 


(11) AY =r). 
S> — on en eer 
a 
S, =u tig tee t3, = Sk 
Mm 
The formal expression > y= rt) ta t+--> +c, +--+ 18 called an infinite 


fom 
series, and 2), 22, ctc., are called the terms of the series. If there is a complex number 
S for which 


(12) S=limS, =lim S ~, 


Noe le k=} 


we will say that the infinite series >; =, converges to S, and that $ is the swm of the 
m1 


infinite series. When this happens, we write 


(13) S=> xy 
k~ |} 


The series Se zz, is said to be absolutely convergent provided that the (real) 
a 


series of magnitudes SS Dee | converges. If a series does not converge, we say that it 
iI 


diverges. 
It is important to note that the first finitely many terms of a series do not affect 
its convergence or divergence and that in this respect the beginning index of a series 


is irrelevant. Thus, we will without comment conclude that if a series 4S 


Dy = CONn- 
A-Nil 
verges, then so does ™ <p. Where zo. 2]... .. cy is any finite collection of terms. 
Go ; 


A similar remark holds for determining divergence of a scrics. 

As one might expect, many of the results concerning real series carry over to 
the complex case. We give several of the more standard theorems along with ex- 
amples of how they are used. 


100 Chapter 4 Sequences, Series, and Julia and Mandelbrot Sets 


Theorem 4.3 Let z, = x, + iv, and S = U + iV. Then 


S= > n= D Gr + ty) 
n=] n- | 


ifand only if both 
U= >, x, and V= Ss Aven 
ns} 


n=] 


Proof Let U, = Sy), a, and V, = >)", y, and S, = U, + i¥,. We can use 
Theorem 4.1 to conclude that 


lim S, = lim (U, + iV,)=U+ iV=S 
if and only if both lim, ... U,, = U and lim, ... V, = V, and the completion of the 


proof follows easily from definitions (12) and (13). 


Theorem 4.4 /f nae Zy ts @ convergent complex series, then lim z, = 0. 


Noe 


The proof of Theorem 4.4 is left as an exercise. 


EXAMPLE 4.3 Show that the series 
Spee eellaaes E “ ic) 


real nw mir n 


is convergent. 
Solution From calculus it is known that the series 


Sg 

Zo ad 2) 
n=] Ne n=} n 

are convergent. Hence Theorem 4.3 implies that the given complex series is 


convergent, 


EXAMPLE 4.4 The series 


pala fo : i 
n=] 


= n n=1 n n 


is divergent. 


Solution From the study of calculus it is known that the series pe , (I/n) 


as i= 


is divergent. Hence Theorem 4.3 implies that the given complex series is divergent. 


EXAMPLE 4.5 The series), (1 + /)" is divergent. 
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Solution Here we set z, = (1 + 7)”, and we observe that lim,_.. ey = 
lim, 0 (4/ 2)" = ce. Hence lim,,.... 2, 4 0, and Theorem 4.4 implies that the given 
series 18 not convergent: hence it is divergent. 


Theorem 4.5 Let = =, and >. ww, be convergent series, and let ¢ be a 


=] n=l 


complex number. Then 


. 7 
> Cin = cy Zn and 


Proof The proof of this theorem is left as an exercise. 


Definition 4.3 Ler > ad, and S b, be convergent series, where a, and b, 


pant N= rat 


are complex numbers. The Cauchy product of the two series is defined to be 
#8. it 
Sal 

the series s Cy, Where ¢, = SS ah, 4. 
at k=0 


Theorem 4.6 if the Cauchy product converges, then 


t \ 
» Ch = S ay, > ‘ ., 
u—0 n=O n= th 


Proof The proof can be found in a number of texts, for example. /nfinite 
Sequences and Series. by Konrad Knopp (translated by Frederick Bagemihl: New 
York: Dover, 1956), 


Theorem 4.7 (Comparison Test) Let >, M,, be a convergent series of 
real nonnegative terms. If {z,,} is a sequence of complex numbers and 
M,, holds for all n, then 


_ | < 
7 


Sep Fw) 
ne] nl 


converges. 
Proof Using equations (2) of Section 1.3, we see that [2 <|z,| <M, and 


|¥ | <|s, | < M, holds for all x. The comparison test for real sequences can be used 
to conclude that 


|.» | and S ly, | 


n=) | 
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are convergent. A result from calculus states that an absolutely convergent serics is 
convergent. Hence 


x, and BS Vn 
n=1 n=I 

are convergent. We can use these results together with Theorem 4.3 to conclude that 
Sys, = pee Xy + eae y, iS convergent. 


Sana] ve 


Corollary 4.1 /f > z, converges absolutely, then y Zy CONVErges. 


n=O n=() 


We leave the proof of this corollary as an exercise. 


EXAMPLE 4.6 Show that SS 1) (3 + 4i)"/(5"n) converges. 


Solution Calculating the modulus of the terms. we find that |;,_| 
|(3 + 4iy'(5'n*)| = l/r? = M,. We can use the comparison test and the fact that 


> , (I/a7) converges to conclude that ee » (3 + 4i)"/(5"n*) converges. 


Suppose that we have a series S tn Where z, = ¢,(2 — . If @ and the 
n=0 


collection of ¢, are fixed complex numbers, we will get different series by selecting 
: . | 
different values for z. For example. if © = 0, and c, = — for all n, we get the series 
fl. 


Sh PT i “| - 
(:) if z = 5 and S — (4+ ov ifs = 4 + i. The collection of points for 
n=O A, “ “a : 


‘ 


which the series Ss c¢,(z — &)” converges will thus be the domain of a function 
n=0 


fi) = 2, ¢,(z — )", which is called a power series function. Technically, this 
series is undefined if z = a and a = OQ, since 0° is undefined. We get around this 


difficulty by stipulating that the series } c,(z — o)" is really compact notation 
n=() 


for cy + > CZ — Oy". 


n-| 


If @ = 0 and c, = | for all n in the preceding, our series becomes be =". We 
n=) 


cal] this a geometric series, one of the most important series in mathematics. 
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<1, the series py 2" converges 


Theorem 4.8 (Geometric Series) /f |: 
n=O 


to f(z) = That is, if al <1, then 


l-<z 
(14) Dtaltet tte ttt eo | 
n=() = 


If |=| = 1, the series diverges. 
Proof Suppose |z| < 1. According to equation (12), we must show 
1 
lim $, = To , where 


(15) S,= leet 2 4-- 4 0771, 

Multiplying both sides of equation (15) by z gives 
QRS Me nie ie a i Se Ra a 
Subtracting equation (16) from equation (15) yields 
(17) (- 2S, = 1 ~ 2", 


so that 


] 
(18): 35S 


bees [eg 


Since \z| <1, lim 2” = 0. (Can you prove this? You will be asked to do so in the 


N99 


; . ] 
exercises!) Hence lim S, = 


N00 1 Se 
aH 


If |z| = 1, then clearly lim |z”| # 0. Hence lim z" # 0 (see problem 24), so 


Nae Nore 


by the contrapositive of Theorem 4.4, a must diverge. 


n=() 


Corollary 4.2 /f |z| > 1, the series S) 2" converges to fiz) = . That 
n=] io 
is, if |z| > 1, then 
2S . 1 
(19) S: wee elt eet torte = 1? or equivalently, 
n=] ed 
#3 ; 1 
(20) -> co ee Sea ara get ee CoS = i 
n=] ee 


104 Chapter 4 Sequences, Series, and Julia and Mandelbrot Sets 


1 
Proof If we let — take the role of z in equation (14), we get 
z 


fap 


ay 1 
2) > (2) = 7 if 
aj == 
z 


<1. 


1 
Multiplying both sides of equation (21) by — gives 
z 


ey 23 (2)--b. it 


Znz0 \2 Zz 


| 
-|< 1, 
Zz 
which, by Theorem 4.5, is the same as 


(23) > 1 = al if 
n=) \Z z-l1 : 


1y 1 
1) = if 1 < |z|, which is what 


> 
z—-1 


But this is equivalent to saying that >, ( 
n=! \Z 


the corollary claims. 


It is left as an exercise to show that the series diverges if <1. 


> 
xz 


Corollary 4.3. [fz # 1, then forall n 


1 zn 
=Jl4ez¢ 2+... tz) 4 . 
l1-z l-z 


Proof This follows immediately from equation (18). 


EXAMPLE 4.7 Show that (1 - )"/2") = 1-1. 


Solution If we set z = (1 — i)/2, then we see that |z| = ./2/2 < 1, so we 
can use representation (14) for a geometric series. The sum is given by 


EXAMPLE 4.8 Evaluate > (J. 


Solution We can put this expression in the form of a geometric series: 
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Se 
P an 
Nh~ 
~~" 

be 


WN 
& 
— 

J 
iMe 
on 
wi. 
“— 
ll 
tM: 
OS 

tw |~ 


n-3 
(by Theorem 4.5) 


. Vin 
—— 
iM: 


. Win 


) (by reindexing) 


NIi-~ 

SS 

tM | 
Ns 
7 Ni~ 


(oy Theorem 4.8, since 


4 1 
- =-< ] 
2/2 ) 


= 5°55 (by standard simplification procedures). 


Ni~ 
SZ. 
a 
— 
| 
Nin 


The equality given by equation (24) illustrates an important point when eval- 
uating a geometric series whose beginning index is other than zero, The value of 


7 
“ 


» z” will equal If we think of z as the “‘ratio’’ by which a given term of 


l1-z° 


the series is multiplied to generate successive terms, we see that the sum of a geo- 
first term 


metric series equals 5 , provided |ratio| < 1. 
ratio 


1 = 

The geometric series is used in the proof of the following theorem, known as 
the ratio test. It is one of the most commonly used tests for determining the con- 
vergence or divergence of series. The proof is similar to the one used for real series, 
and is left for the reader to establish. 


Theorem 4.9 (d’Alembert’s Ratio Test) if > C,, is a complex series 
with the property that ie 


then the series is absolutely convergent if L < | and divergent if L > 1. 


EXAMPLE 4.9 Show that >\~, [(1 — i)”/n!] converges. 


Solution Using the ratio test, we find that 
(eae 
(n + 1)! 


nie [=i 
n} 


alll -i }-i [7 
Tt OPM jo card 
neo (n + 1)! noo + 1 noo A + ] 


Since L < 1, the series converges. 
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EXAMPLE 4.10 Show that the series >), [(z — 1/2] converges for all 
values of z in the disk |z — i| < 2 and diverges if |z — i| > 2. 


Solution Using the ratio test, we find that 


(z a iy’) 
gn+l faa | [ess 
lim ———— = lim —— = —— = L. 
noe (z = iy" Neo 2 2 
2" | 


If |z — i| <2, then L < 1 and the series converges. If |z —i| > 2, then L > 1, 
and the series diverges. 


Our next result, known as the root test, is slightly more powerful than the 
ratio test. Before we state this test, we need to discuss a rather sophisticated idea 
that it uses—the limit supremum. 


Definition 4.4 Let {t,} be a sequence of positive real numbers. The limit 
supremum of the sequence (denoted by lim sup t,,) is the smallest real number 


Roe 
L with the property that for any € > 0 there are at most finitely many terms 
in the sequence that are larger than L + &. If there is no such number L, then 
we set lim sup t, = ©. 


Neo 


EXAMPLE 4.11 The limit supremum of the sequence 
{tr} = {4.1, 5.1, 4.01, 5.01, 4.001, 5.001, . . . } is lim sup?#, = 5, 


ito 
because if we set L = 5, then for any € > 0, there are only finitely many terms in 
the sequence larger than L + € = 5 + €, Additionally, if ZL is smaller than 5, then 
by setting « = 5 — L, we can find infinitely many terms in the sequence larger than 
L+e,sineeL+e=5. 


EXAMPLE 4.12 The limit supremum of the sequence 
{ta} = (1, 2,3, 1, 2,3, 1, 2,3, 1,2,3, .. . } is lim sups, = 3, 


because if we set L = 3, then for any € > 0, there are only finitely many terms 
(actually, there are none) in the sequence larger than L + € = 3 + €. Additionally, 
3-L 


if L is smaller than 3, then by setting € = we can find infinitely many terms 


in the sequence larger than L + €, since L + € < 3. 
3-L_ 3+L 3,L 3.3 ) 
= == 3. 
2 2 2 


(u+e=u+ 
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EXAMPLE 4.13 The limit supremum of the Fibonacci sequence 
{t,} = (1, 1,2, 3,5, 8, 13, 21,34, . . . } is lim supz, = . 


N90 


(The Fibonacci sequence has the property that for every n > 2, t, = ty.) + ty-2.) 


The limit supremum is a powerful idea because the limit supremum of a se- 
quence always exists, which is not true for the limit. However, Example 4.14 illus- 
trates the fact that if the limit of a sequence does exist, it will be the same as the 
limit supremum. 


EXAMPLE 4.14 The sequence 


1 
{t,} = {1 i aaa 
n — 
= {2, 1.5, 1.33, 1.25, 1.2, ... } has lim sup ¢, = 1. 


We leave the verification of this as an exercise. 


Theorem 4.10 (The Root Test) Given the series > C,, suppose 
n=O 


lim sup | ¢,, |!" = L. 


Then the series is absolutely convergent if L < 1 and divergent if L > |. 


Proof We give a proof assuming lim |¢,,{”" exists. (A proof of the more 


general case using the limit supremum can be found in a number of advanced texts.) 
Since the limit supremum is the same as the limit when the latter exists, we have 


(25) lim Gale = L. 
Suppose first that £ < 1. We can select a number r such that L <r < J. By equation 
(25) there exists a positive integer N such that for all n > N we have Re [Me <r, 


and so |G,| <r”. Since r < 1, Theorem 4.8 implies = r" converges. But then 


n=N+] 
by Theorem 4.7 and Corollary 4.1 > |C,, | converges, hence so does Dy boule 
n=N+) n=() 


Now suppose L > 1. We can select a number r such that |! <r < L. Again, 
using equation (25) we conclude that there exists a positive integer N such that for 
all n > N we have |C,,|!”" > r, and so |C,| > 7”. But since r > 1, this implies that 


¢,, does not converge to 0, and so by Theorem 4.4, >) C,, does not converge. 
n=O 
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Note that in applying either Theorems 4.9 and 4.10. if L = 1, the convergence 
or divergence of the series is unknown, and further analysis is required to determine 
the true state of affairs. 


EXERCISES FOR SECTION 4.1 


1. 


mew 


10. 
11. 


12. 
13. 


14, 


15. 


16. 
17. 


Find the following limits. 


aya; 1 m iy b) i n+ (i)! 
a) lim {= +~ im ———— 
Noe 2 4 ; noe n 
ae + ADM dat ob + ani 
(c) lim ——— (d) lim ae 
ee hd Heute ne 
Show that lim, ... ()'" = 1, where ()'” is the principal value of the th root of 7. 


Let lim). fn fue Show that lim, qi = fh. 
La a= oe that =, = S. 


oF Ht 3 as, 
Show that 5 (. > 


] 
Show that eo 1) = i, 


Git Pee n+i 


Show that > (+. +f) diverges. 


Does lim (+ ) exis!? Why? 


Hoe 


Let {r,} and {8,.} be two convergent sequences of real numbers such that 


lim r, = ry and jim 8, = 8p. 


Nace Noe 


Show that lim,...7,e" = roe, 


S(1 + i" 
Show that » i p =l+i 
= 2 


Show that a » ie + 1/2") converges for all values of z in the disk [s + il <2 
diverges if lz +i] > 2. 


(4iy" 
Is the Series —_ convergent? ? Why? 
i ont 


Use the satin test and show that the following series converge. 


a (i+ iy = + i" = (1 + i Sa + 9 
aS ( > 5 (b) > = (c) Se a dd) > Ae 
o n=l “ 


neh) pr nz (2a + 1)! 
Use the ratio test to find a disk in which the following series Ronverge: 
oy . (2 - fy" (2 —~ 3 — 4iy" 
a) ] + pig (b y reece 
: >| ' > aap {) oy a (3 + 42) SS 
Show that if an z, converges. then lim, .. z, = O. Hint: z, = S, — 5, I 


; ogy 
Is the series » pea convergent? Why? 
nl Rn 


Let be 1 QQ, + ivy) = U + iV. Ife = a + ibis a complex constant, show that 


S (a + ib)x, + iv,) = (a + ib\U + iV). 
ne) 


and 
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18. Let f(z) = 24 24+ cote + ++ 27" +--+, Show that f(z) = z + f(z’). 
<> lz. 
n=D 


20. Prove that statement (6) implics statement (8) in Theorem 4.1. 

21. You were asked to justify one of the inequalities in the proof of Theorem 4.1. Give the 
justification. 

22. Prove that a sequence can have only one limit. Hint: Suppose there is a sequence {z,,} 
such that z,, -> ¢) and z, 2 ¢>. Show this implies ¢, = G2 by proving that for all € > 0, 
ieee 

23, Prove Corollary 4.1. 

24. Prove lim z, = O iff lim|z,| = 0 


Now Hove 


19. If Dz, converges, show that | » Zn 
n=O ned 


25, Est 2 = 0, 
26. > |, then Jim |S. | = oo, Hint: 
| hau wu ] ] 
Deleaee eledaiee ali 
ees le [eg eres ee l—< 
27. Prove the series in Corollary 4.2 diverges if [=| < 
28. Prove Theorem 4.9, 
29, Give a rigorous argument to show that lim sup ¢, = 1] in Example 4.14. 


Noe. 


30. (a) Use the formula for geometric serics with z = re’ where r < | to show that 


Ss | — rcos 8 + irsin® 
; 2 
reat) I +r? — 2rcos @ 


(b) Use part (a) to obtain 


[ — rcos 8 
S r’cos n@ = ——————--————__ and 
not 1+ r°- — 2rcos 8 
S r'sin n8 = 2 ee 
a) 1+ r- — 2rcos 6 
31. Show that De e” converges for Im z > 0. 


n=l) 


4.2 Power Series Functions 


In this section we list some results that will be useful in helping us establish prop- 
erties of functions defined by power series. 


Theorem 4.11 Suppose f(z) = »S c,(z — ay. The set of points z for which 


n=) 


the series converges is one of the following: 


(1) The single point z = @. 
(ii) The disk D(a) {2: )5 — o | < p}, along a part (either none, some, or 
all) of the dipele Ca) = = {eo )|s= a| = 
(iii) The entire complex plane. 
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Proof We give a proof assuming lim|c,,|'” exists. (A completely general 
neo 


proof making use of the limit supremum can be found in a number of advanced 
texts.) By Theorem 4.10, the series converges absolutely at those values of z for 
which lim | c,(z — o)"|!" < 1. This is the same as requiring 


(p” [2 =| times P 1. 


There are three possibilities to consider for the value of lim | c, |'”: If the limit equals 
Neo 

eo, inequality (1) holds true iff z = a, which puts us in case (i). We will be in case 

(ii) if O < lim|c,|"" < oe, since inequality (1) then holds iff |z—-a| < 


1 
, Le., iff z € D(a), where p = tim]e,)" . Finally, if the limit equals 0, 


Cn [Ne 


neo 

we will be in case (iii), as the left-hand side of inequality (1) will be 0 for any value 
of z. Notice we are unable to say for sure what happens with respect to convergence 
on C,(a). You will see in the exercises that there are various possibilities. 


lim | ¢,, |!" 
ae 


Another way to phrase case (ii) of Theorem 4.11 is to say that the power series 


°° 


f() = > cz — 0)" converges if |z — a| <p, and diverges if |z — a.| > p. We 
0 


= 
call the number p the radius of convergence of the power series (see Figure 4.2). If 
we are in case (i) of Theorem 4.11, we say that the radius of convergence is zero, 
and that the radius of convergence is infinity if we are in case (iii). 


Pd SS 
_ Divergence ~ 
~<a 
. , 
|_<__ What happens on the 
2 boundary may be unknown. 


7 
i . . 
Pye 


A 
‘ 


FIGURE 4.2 The radius of convergence of a power series. 
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Theorem 4.12 The radius of convergence. p, of the power series function 


f(z) = > e,(2 — a)" can be found by any of the following methods: 
n=Q 


(1) Cauchy’s root test: p = ———— (Provided the limit exists). 
lim | Cr | Vin 

(11) Cauchy-Hadamard formula: p = —————.. (This limit always 

; lim sup | c, |” 


No 400 


exists.) 
C, ( nas : 
(iii) d’Alembert’s ratio test: p = lim —- | (Provided the limit exists). 
noe | One | 
In cases (1) and (il) we set p = if the limit equals 0, and p = 0 if the limit 


equals oo, 


Proof If you examine carefully the proof of Theorem 4.11, you will see 
that we have already proved case (1). It follows directly from inequality (1). Case 
(ii) 1s left for more advanced courses, and case (iii) can be established by appealing 
to the ratio test. 


EXAMPLE 4.15 Find the radius of convergence of 
n+2 ne 
fo = | Je-4r 


3n + | 


‘ at2 1] 
Solution By Cauchy's root test, lim|c, |” = lim = 


, so the 
Noe Noe 3n + 1 ~3 


radius of convergence is 3. 


EXAMPLE 4.16 The series s nz" = 1 + 4z + 52z? + 4327) + S4z4 + 4575 


n=l) 


. has radius of convergence : by the Cauchy-~Hadamard formula because 


lim sup|c, |!" = 5. 


N—von 


EXAMPLE 4.17 Find the radius of convergence of f(z) = > Es z", 


n=0 nn! 


Solution By the ratio test, the radius of convergence is 


. [a+ I! | 
lim 


Noes 


= lim (n + 1) = ce. Thus, the series converges for all values of z. 


Hoe 


nl 
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We come now to the main result of this section. 
Theorem 4.13 Suppose the function f(z) = > cz — &) has radius of 
convergence p > 0. Then am 


(i) fis infinitely differentiable for all z € D,(Q), in fact 
(ii) for all k, f(z) = > nin — 1)+--(—k + 1)e,(z — a)"-*, and 


nak 
= f&(Q) af ee ; 
(iii) c, = Wm where f denotes the kth derivative of f. (When k = 0, f™ 


denotes the function f itself, so that f(z) = f(z) for all z.) 


Proof if we can establish case (ii) for k = 1, the cases for k = 2,3,... 
will follow by induction. For instance, the case when k = 2 follows by applying the 


result for k = | to the series f’(z) = = ne,(z — at-!, 
n=) 


We begin by defining the following functions: 
= j < 
g(z) = > ne(z — a", S(z) = 2 nz — a)", Riz) = > ez — Oy". 
n= n= n=j+ 
Here S,(z) is simply the (j + 1)st partial sum of the series f(z), and Rj(z) is the sum 
of the remaining terms of that series. We leave as an exercise that the radius of 
convergence for g(z) is p, the same as that of f(z). For a fixed zy « D,(&), we must 


prove f’(zo) = g(zp), that is, we must prove ae ae uy = g(zy). This can be 


done by showing that for all €« > 0. there siisis ) > 0 such that if c € D,(a) with 
ey pee ord pce ae 
~~ £0 


Let zy ¢ D(a) and € > 0 be given. Choose r < p so that zp € D,(a). Choose 
6 to be small enough so that Ds(zo) C D(a) C D,(@) (see Figure 4.3), and also 
small enough to satisfy an additional restriction, which we shall specify in a moment. 


y 


(og) 


The disk Dg(<,) 


/ The disk D,(a) 
The disk D,(@) 


FIGURE 4.3 Choosing 6 to prove f’(zy) = g(zu). 
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Since f(z) = S;(z) + Rj(z), simplifying the right-hand side of the following 
equation reveals that for all j, 


z)— f(z Si(z) — Sz 
eo - Lea — ey = [ROS — ghey] 4 


fio — Bia] 


oT &H 
iSi20 ~ ateo) + | pas 
where S}(zo) is the derivative of the function S; evaluated at zo. Equation (2) has the 
general form A = B + C + D. By the triangle inequality, 
|A| = |[B+C+D| s |[B| + |[c| + ID, 
so our proof will be complete if we can show that for a small enough value of 6 


each of the expressions |B|, |C|, and |D| can be shown to be less than ; ; 


Calculation for |D| 
Rj(z) — Rj(zo) 


7 7 


“4 <0 


1 o 
Se ( > cal (z ~~ a)" _ (29 _ oy) | 


27 Zo \neiel 


= S Je) Tem or 


n=pil < <0 


(Compare with exercise 19 of Section 4.1). 


As an exercise, we ask you to establish 


(3) (<= a)" — (Zo — @)" 


| sar’, 


< <0 
Assuming this to be the case, we get 


Rj(z) — Rj) e 5 


7 — 7 
“a 


(4) 


Since r < p, the series Dy ley | nr”-! converges (can you explain why?). This means 
n=1 
that the tail part of the series, which is the right-hand side of inequality (4), can 


€ 
certainly be made less than 3 if we choose j large enough, say j = Nj. 
Calculation for |C | 
EL; 
Since Si(zo) = > nc,(Zo — O)"~, it is clear that lim S;(zo) = g(Zo). This means there 
: n=] j : 


joc 


is an integer N> such that if j = N2, then 


S)(Zo) — g(Zo) 


€ 
<n, 
3 
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Calculation for | B | 


Define N = max{N,, N2}. Because S,(<) is a polynomial, Sy(co) exists. Thus, we 
can tind 8 smal] enough so that it complies with the restriction previously placed 
on it as well as ensuring 


Switz) — Sw(Zo) 


7" — 7, 


x <0 


€ 
— Sy(zn) | < = whenever < € D(a) with O < |z — zo] < 6. 


w 


Using this value of N for j in equation (2) together with our chosen 6 yields con- 
clusion (il) of our theorem. 

To prove (iii), note that if we set z = @ in (il), all the terms drop out except 
when n = k, giving us f(a) = A(k — 1)-->- (kK — k + Icy. Solving for c, completes 
the proof of our theorem. 


2 
~ 


EXAMPLE 4.18 Show that y (a+ Wc" = a for all z € D;(O). 
n=) 


; ] 
Solution We know from Theorem 4.8 that f(z) = i = > z” for all 


x n=0 


1 


ze D,(O). If we set k = | in Theorem 4.13, case (ii), f(s) “Ti a 


> nzgi-! = yS (n + 1)z” for all z € D,(0). 


n= | n=) 


EXAMPLE 4.19 The Bessel function of order zero is given by 


aed —ly' 
Jue) = SPL 


neo (nly? 


2n 2 -4 ob 
~ 135 * pag ape 7 


tol ea 


and termwise differentiation shows that its derivative is given by 


ies a aS) la 
ae rere Ta BT Nege " oay 15 


We leave as an exercise that the radius of convergence of these series is infinity. 
The Bessel function J,(z) of order one is known to satisfy the differential equation 
Ji(z) = —Jolz). 


EXERCISES FOR SECTION 4.2 


1. Prove case (iii) of Theorem 4.12. 
ae et bee at 
2. Consider the following serics: >, ae 2 a , and » a 
We n= ied 


(a) Using Theorem 4.12, show that each series has radius of convergence 1. 
(b) Show that the first series converges nowhere on C,(0). 
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(c) Show that the second series converges everywhere on C,(0). 
(d) It turns out that the third series converges everywhere on C,(O) except at the point 
z = |. This is not easy to prove. but see if you can do so. 
cs bos 
3. Show that 2», (nt 1p zt = ian" 


4, Find the radius of convergence of the following. 


(a) ach = Yt" an (b) Ac) = Sats 
(c) A(z) = S (2 — (-1)"y'z" (f) f(z) = by = 
() gz) = > (= : ae (hy hz) = > a 


(i) g(z) = >> — 2". Hint: lim [1 + (1/m))}" = e. 
-{ . Nim 


G) gz) = > x 


4 2 3 zt 2 zo ral 
UE SUR RUT: Gags Te ON pa ay oat ign gee ay 


5. Suppose that 2 ¢,z” has radius of convergence R. Show that > cz” has radius of 


neath ned 


convergence R?. 


6. Does there cxist a power series > c,z" that converges atc; = 4 — f and diverges al 
n=O 
z. = 2 + 37? Why? 
7. Verify part (ii) of Theorem 4.13 for all k by using mathematical induction. 
8. This exercise will establish that the radius of convergence for gv given in Theorem 4.13 
is p. the same as that of the function f- 


] 


(a) Explain why the radius of convergence for g is 


lim sup | NC), laa 


noe 


1 


(b) Show that lim sup |n | ""! = |. Hint: The lim sup equals the limit. Show that 


1 re 


log n 


lim = 0. 
nom tt — | 
] } 


(c) Assuming that lim sup|c, je = lim sup bes |" . show that the conclusion for 


non now 


this exercise follows. 
(d) Establish the truth of the assumption made in part (c). 
9, This exercise will establish the validity of inequality (3) given in the proof of Theorem 
4.13. 
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(a) Show that 


|." Vpgy tp hoy YH le A ype boy '| 


xs’ | 
SoS 


+ 


Js" | + [s" af 


lA 


So a ol 


where ys and fare arbitrary complex numbers, » # ¢. 

(b) Argue why in inequality (3) we know that Js = «| < rand [in — @ 
(c) Lets = 2 — OQ andr = cp — & in part (a) to establish inequality (3). 

10. Show that the radius of convergence is infinity of the series for Jo(z) and Ji(z) given in 
Example 4.19. 

11. Explain what you think might happen if the complex number z is substituted for + in 
the Maclaurin series for sin x that is studied in calculus? 

12. Write a report on series of complex numbers and/or functions. Include ideas and ex- 
amples not mentioned in the text. Resources include bibliographical items 10. 83. 1106. 
and 153. 


<n, 
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An impetus for studying complex analysis is the comparison of properties of real 
numbers and functions with their complex counterparts. In this section we take a 
look at Newton's method for finding solutions to the equation f(z) = 0. We then 
examine the more general topic of iteration. 

Recall from calculus that Newton's method proceeds by starting with a func- 
tion f(x) and an initial “*guess”” x as a solution to f(x) = 0. We then generate a new 


: P(X) : ; - 5 
guess x, by the computation 1) = xy — i) . Using x, in place of xy. this process 
J (Xo 
. a A(X) p ; ns tes 
is Tepeated. giving US v2 = x) — rua We thus obtain a sequence of points {4}. 
FAN 
LD) j Z ; : 
where 4.) = 4 — Pay The points {x }7_) are called the iterates of x5. For 
FAN, 


functions defined on the real numbers, this method gives remarkably good results. 
so that the sequence {x,} often converges to a solution of f(x) = 0 rather quickly. 
In the late 1800s the British mathematician Arthur Cayley investigated the question 
as to whether Newton's method can be applied to complex functions. He wrote a 
paper giving an analysis for how this method works for quadratic polynomials and 
indicated his intention to publish a subsequent paper for cubic polynomials. Unfor- 
tunately. Cayley died before producing this paper. As you will sec, the extension of 
Newton's method to the complex domain and the more general question of iteration 
are quite complicated. 


EXAMPLE 4.20 Trace out the next five iterates of Newton's method given 
an initial guess of c5 = + + 4 as a solution to the equation f(z) = 0. where f(c) = 
Se ate 
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f') 


With the aid of a computer algebra system, we can easily produce Table 


Solution Given = as an initial guess, our next guess will be z 


oa 


4.1, where values are rounded to five decimal places. 


TABLE 4.1 The iterates of 2 = + + 4/ for Newton’s method applied 
to f(z) = 22 + 1. 


k Zk f(z) 

0 0.25000 + 0.25000; 1.00000 + 0.125007 
] —0.87500 + 1.125007 0.50000 — 1.968757 
2 —0.22212 + 0.839427 0.34470 — 0.37290: 
3 0.03624 + 0.976387 0.04799 + 0.07077; 
4 —0.00086 + 0.999587 0.00084 — 0.00172: 
5 0.00000 + 1.000007 0.00000 + 0.00000; 


Figure 4.4 shows the relative positions of these points on the z plane. Notice 
that the points zy and zs are so close together that they appear to coincide and that 
the value for zs agrees to five decimal places with the actual solution z = i. 


FIGURE 4.4 The iterates of z)» = } + ji for Newton’s method applied to 
fla =o +. 
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The complex version of Newton’s method appears also to work quite well. 
You may recall], however, that with functions defined on the reals, it is not the case 
that every initial guess produces a sequence that converges to a solution. Example 
4.21 shows that the same is true in the complex case. 


EXAMPLE 4.21) Show that Newton’s method fails for the function 
f(z) = = + | if our initial guess is a real number. 


Solution From Example 4.20 we know that given any guess z as a solution 
a) ee 


of <° + 1 = 0, the next guess at a solution is M(z) = z 7 eae aa Let zy be 
any real number, and let {z,} be the sequence of iterations produced by the initial 
seed Zp. If for any k, cz, = 0, the iteration terminates with an undefined result. If all 
the terms of the sequence {z,} are defined, an easy induction argument shows that 
all the terms of the sequence will be real. Since the solutions of z*° + 1 = O are +i, 
the sequence {z,} cannot possibly converge to either solution. In the exercises we 
ask you to explore in detail what happens when zp is in the upper or lower half 


plane. 


The case for cubic polynomials 1s more complicated than that for quadratics. 
Fortunately, we can get an idea of what’s going on by doing some experimentation 
with computer graphics. Let us begin with the cubic polynomial f(z) = 2° + 1. 


F ; | /3. 1 {3. 
(Recan, the roots of this polynomial are at —1), 5 + aah and me “,) We as- 


sociate a color with each root (blue, red, and green, respectively). We form a rect- 
angular region R, which contains the three roots of f(z), and partition this region 
into equal rectangles Rj. We then choose a point <;; at the center of each rectangle 
and for each one of these points we apply the following algorithm: 
fe gga acess : rte 
. ith M(z) = z 7D , compute M(z,,). Continue computing successive iterates 
of this initial point until we either are within a certain preassigned tolerance 
(say €) of one of the roots of f(z) = 0, or until the number of iterations has 
exceeded a preassigned maximum. 
2. Ifstep | left us within e of one of the roots of f(z), we color the entire rectangle 
R;, with the color associated with that root. Otherwise, we assume the initial 
point z;; does not converge to any root and color the entire rectangle yellow. 


Notice that the preceding algorithm does not prove anything. In step 2, there 
is no a priori reason to justify the assumption mentioned, nor is there any necessity 
for an initial point z;; to have its sequence of iterates converging to one of the roots 
of f(z) = 0 just because a particular iteration is within € of that root. Finally, the 
fact that one point in a rectangle behaves in a certain way does not imply that al] 
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the points in that rectangle behave in a like manner. Nevertheless, we can use this 
algorithm to motivate mathematical explorations. Indeed, computer experiments like 
the one described have contributed to a lot of exciting mathematics in the past 15 
years. Color plate | at the end of this section shows the results of applying our 
algorithm to the cubic polynomial f(z) = z° + 1. The points in the blue, red, 
and green regions are those “initial guesses’’ that will converge to the roots —1, 


I /3 ! {3 . 
ee a and > = ——h respectively. (The roots themselves are located in the 


9 
middle of the three largest colored regions.) The complexity of this picture becomes 
apparent when we observe that wherever two colors appear to meet, the third color 
emerges between them. But then, a closer inspection of the area where this third 
color meets one of the other colors reveals again a different color between them. 
This process continues with an infinite complexity. 

Not all initial guesses will result in a sequence that converges to a solution 
(let zp be any real number, as in Example 4.21). On the other hand, there appear to 
be no yellow regions with any area in color plate 1, indicating that most initial 
guesses zy at a solution to z* + 1 = 0 will produce a sequence {z,} which converges 
to one of the three roots. Color plate 2 illustrates that this is not always the case. It 
shows the results of applying the preceding algorithm to the polynomial f(z) = 
2) + (—0.26 + 0.02! + (—0.74 + 0.02/). The yellow area shown is often referred 
to as the rabbit. It consists of a main body and two ears. Upon closer inspection 
(color plate 3) we see that each one of the ears consists of a main body and two 
ears. Color plate 2 is an example of a fractal image. Mathematicians use the term 
fractal to indicate an object that is self-similar and infinitely replicating. 

In 1918 the French mathematicians Gaston Julia and Pierre Fatou noticed this 
fractal phenomenon when exploring iterations of functions not necessarily con- 
nected with Newton’s method. Beginning with a function f(z) and a point zy, they 
computed the iterates z) = f(zo). 22 =f(Z1),- - -. 241) =flc),. . ., and investigated 
properties of the sequence {z,}. Their findings did not receive a great deal of atten- 
tion, largely because computer graphics were not available at that time. With the 
recent proliferation of computers, it is not surprising that these investigations were 
revived in the 1980s. Detailed studies of Newton’s method and the more general 
lopic of iteration were undertaken by a host of mathematicians including Curry, 
Douady, Garnett, Hubbard, Mandlebrot, Milnor, and Sullivan, We now turn our 
attention to some of their results by focusing on the iterations produced by quad- 
ratics of the form f,(z) = 2° +c. 


EXAMPLE 4.22 Given f(z) =< + c, analyze all possible iterations for the 
function fo(z) = 2° + 0. 


Solution In the exercises we will ask you to verify that if |z)| < 1 the 
sequence will converge to 0, if |<o| > | the sequence will be unbounded, and if 
|zo| = 1 the sequence will either oscillate chaotically around the unit circle or 
converge to I. 
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Given the function f(z) = z* + c, and an initial seed zo, the set of iterates 
given by z, = f-(Z9), <2 = fi(Z)), etc., are also called the orbits of zo generated by 
fz). Let K, denote the set of points with bounded orbits for f(z). Example 4.22 
shows that Ko is the closed unit disk D,(0). The boundary of K, is known as the 
Julia set for the function f(z). The Julia set for fo(z) is the unit circle C(O). It turns 
out that K, is a nice simple set only when c = 0 or c = —2. Otherwise, K,. is fractal. 
Color plate 4 shows K_)25. The variation in colors indicate the length of time it 
takes for points to become “‘sufficiently unbounded”’ according to the following 
algorithm, which uses the same notation as our algorithm for iterations via Newton's 
method: 


1. Compute f.(z,;). Continue computing successive iterates of this initial point 
until the absolute value of one of the iterations exceeds a certain bound (say 
L), or until the number of iterations has exceeded a preassigned maximum. 


2. If step 1 left us with an iteration whose absolute value exceeds L, we color 
the entire rectangle Rj; with a color indicating the number of iterations 
needed before this value was attained (the more iterations required, the 
darker the color). Otherwise, we assume the orbits of the initial point z;; do 
not diverge to infinity and we color the entire rectangle black. 


Notice, again, that this algorithm does not prove anything. It merely guides 
the direction of our efforts to do rigorous mathematics. 

Color plate 5 shows the Julia set for the function f(z), where ¢c = —O.11 - 
0.67i. The boundary of this set is different from that of the other sets we have seen 
in that it is disconnected. Julia and Fatou independently discovered a simple crite- 
rion that can be used to tell when the Julia set for f(z) is connected or disconnected. 
We state their result, but omit the proof, as it is beyond the scope of this text. 


Theorem 4.14 The boundary of K.. is connected if and only if 0 € K,. In 
other words, the Julia set for f(z) is connected if and only if the orbits of 0 
are bounded. 


EXAMPLE 4.23 Show that the Julia set for f(z) is connected. 


Solution We apply Theorem 4.14 and compute the orbits of 0 for f(z) = 
z+ i. We have f(0) = i, f() = -14+4f(-14+)0= -i.f(-D=-l +i... 
Thus, the orbits of 0 are the sequence 0, —1 + i, —i, -1 + i, -i, -1 + i, -i, 

. , which is clearly a bounded sequence. Thus, by Theorem 4.14, the Julia set 
for f(z) is connected. 


In 1980, the Polish-born mathematician Benoit Mandelbrot used computer 
graphics to study the following set: 


M = {c: the Julia set for f(z) is connected} 
= {c: the orbits of 0 determined by f(z) are bounded}. 


4.3 Julia and Mandelbrot Sets 121 


The set M has come to be known as the Mandelbrot set. Color plate 6 shows 
its intricate nature. Technically, the Mandelbrot set is not fractal since it is not self- 
similar (although it may look that way). It is, however, infinitely complex. Color 
plate 7 shows a zoom over the upper portion of the set shown in color plate 6, and 
likewise color plate 8 zooms in on the upper portion of color plate 7. Notice that 
we see in color plate 8 the emergence of another structure very similar to the Man- 
delbrot set we began with. It is not an exact replica. Nevertheless, if we zoomed in 
on this set at the right spot (and there are many such choices), we would eventually 
see yet another ‘‘Mandelbrot clone’’ and so on ad infinitum! The remainder of this 
section looks at some of the properties of this amazing set. 


EXAMPLE 4.24 show that je: lc] s ri CM. 


Solution Let [c| < 4, and let {a,}*_, be the orbits of 0 generated by 
f(z) = 22 + c. Thus, 
ay = 0, 
a, = fan) =a,tc=c, 
a2 = f{a,) = a; + c, and in general, 
Gnat = fldn) = a +. 


We shall show that {a,,} is bounded. In particular, we shall show that | a, | < + for 
all n by mathematical induction. Clearly |a,| < + ifn = 0 or 1. Assume |a,| < 


+ for some value of n = 1 (our goal is to show |a,.;| +). Now 
lanai] = la, +e| 
s |a,| + |c| by the triangle inequality 
st4+4 by our induction assumption and the fact that |c| < +. 


In the exercises, we ask you to show that if |c| > 2, then c ¢ M. Thus, the 
Mandelbrot set depicted in color plate 6 contains the disk D,,4(0), and is contained 
in the disk D2(0). 


There are other methods for determining which points belong to M. To see 
what they are, we need some additional vocabulary. 


Definition 4.5 The point z is a fixed point for the function f(z) if f(z) = 
ZO 


Definition 4.6 The point z is an attracting point for the function fiz) if 
lf’ (<0) | <1. 


The following theorem explains the significance of these terms. 
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Theorem 4.15 Suppose zy is an attracting fixed point for the function f(z). 
Then there is a disk D(zo) about zy) such that the iterates of all the points in 
D,(z9) are drawn towards the point zp in the sense that 


if z € D-(zp), then | f(z) =F zo | < |z aan o|- 


Proof Since zp is an attracting point for f, we know that |f’ (zo) | < 1. Since 
f is differentiable at zp, we know that given any € > 0 there exists some r > 0 such 


that if z is any point in the disk D7(zp), then Sle) = Heo) _ f(z) | < ©. If we set 
z —~ Zo 
e€ = 1 — | f'(zo)|, then we have for all z in D?(zo) that 


|“ o> a7 


, f(z) — flo) 
— 7 < aT 
Ico s ALES 


f' (0) | <1— [f'(zo)|. 
which gives 


F(z) — f(Zo) 


Zz — Zo 


Thus, 
|f(z) — flzo)| < |z - zo. 
Since z is a fixed point for f, this implies 


|f() — 2] < |z — zl- 


In 1905, Fatou showed that if the function f,(z) has attracting fixed points, the 
orbits of 0 determined by f,(z) must converge to one of them, Since a convergent 
sequence is bounded, this implies that c must belong to M. In the exercises we ask 
you to show that the main cardioid-shaped body of M in color plate 6 is composed 
of those points c for which f,(z) has attracting fixed points. You will find that The- 
orem 4.16 is a useful characterization of them. 


Theorem 4.16 = The points c for which f(z) has attracting fixed points satisfy 
[1 + (1 — 4c)!?| < Lor |1 — (1 — 4c)!" | <1, where the square root is the 
principal square root function. 


Proof The point zp is a fixed point for f.(z) if and only if f.(zo) = zo. In 
other words, if and only if wa — z + c = 0. The solutions to this equation are 

1+ (1 — 4c)!” 1-1 —- 4c)!” 
RE eee gee 
where again the fractional exponent is the principal square root function. Now, if 
2p is an attracting point, then | f/(zo) | = | 2zo| < 1. Combining this with the solutions 
for Zp gives our desired result. 


4.3 Julia and Mandelbrot Sets 123 


Definition 4.6 An n-cycle for a function f is a set (zo, 2, .. ».Z,-1} Of n 
complex numbers such that z = f(z) fork = 1,2....,n" —- 1. and 
f(En-1) = 205 

Definition 4.7 Ann-cycle {z, 2),. . .. Zn-1} for a function f is said to be 


attracting if | gi(zo)| < 1, where g,, is the composition of f with itself n times. 
For example, if n = 2, then g(z) = f(f(<)). 


EXAMPLE 4.25 Example 4.23 shows that {—1 + i, —/} is a 2-cycle for the 
function f;(<). It is not an attracting 2-cycle since g2(z) = z* + 2iz* + i — 1, and 
gi(z) = 4z* + 4iz. Hence, |g3(-1 + )| = [4+ 4i], 80 |gX-14+i| > 1. 


In the exercises, we ask you to establish that if {zy, z;,.. .. Z,-)} is an 
attracting n-cycle for a function f, then not only does zo satisfy | g;(co)| <1, but in 
fact we also have that | ¢,(q)| <1, fork =1,2,...,2—-1. 


It turns out that the large disk to the left of the cardioid in color plate 6 consists 
of those points c for which f(z) has a 2-cycle. The disk to the left of this, as well 
as the large disks above and below the main cardioid disk, are those points c for 
which f,(z) has a 3-cycle. 

Continuing with this scheme, we see that the idea of n-cycles explains the 
appearance of the “‘buds’’ that you see on color plate 6. It does not, however, begin 
to do justice to the enormous complexity of the entire set. Even color plates 7 and 
8 are a mere glimpse into its awesome beauty. In the exercise section, we suggest 
several references for projects that you may like to pursue for a more detailed study 
of topics relating to those covered in this section. 


EXERCISES FOR SECTION 4.3 


1. Prove that Newton’s method always works for polynomials of degree 1 (functions of 
the form f(z) = az + b, where a # 0). How many iterations are necessary before 


—b 
Newton’s method produces the solution z = —— to f(z) = 0? 
a 


2. Consider the function f(z) = 2? + 1, where Mz) = z - == : = 


iat) 
DN zy 


(a) Show that if Im(zy) > 0, the sequence {z,} formed by successive iterations of zy via 
Mz) lies entirely within the upper half plane. 


| 1 1 1 
Hint: lf z = r(cos 6 + i sin 8). show Mz) = 3 (- - Neo 0+ rs (- + 1) sin 6. 
r 
(b) Show a similar result holds if Im(z)) < 0. 
(c) Discuss whether {z,} converges toi if Im(zp) > 0. 


(d) Discuss whether {z,} converges to —1 if Im(zo) < 0. 
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(e) Use induction to show that if all the terms of the sequence {z,} are defined, then the 
sequence {z,} is real provided zq is real. 
(f) For which real numbers will the sequence {z,} be defined? 

. Formulate and solve analogous questions to Exercise 2 for the function f(z) = z* — 1. 

4. Consider the function fi(z) = 2°, and an initial point zy. Let {z,} be the sequence of 

iterates of zy generated by f(z). That is, z) = fo(Zo), z2 = folz)). and so forth. 

(a) Show that if | zo < J, the sequence {z,} converges to 0. 

(b) Show that if [ zu | > |, the sequence {z,} is unbounded. 

(c) Show that if |z)| = 1, the sequence {z,} either converges to | or oscillates 
around the unit circle. Give a simple criterion that can be applied to zy that will 
dictate which one of these two paths the sequence {z,} takes. 

Show that the Julia set for f 2(z) 1s connected. 

Determine the precise structure of the set K_>. 

Prove that if z = c is in the Mandelbrot set, then its conjugate é 1s also in the Mandelbrot 

set. Thus, the Mandelbrot set is symmetric about the x axis. Hint: Use mathematical 

induction. 

8. Find a value ¢ in the Mandelbrot set such that its negative, —c, is not in the Mandelbrot 
sel. 


we 


Soran 


10. Show that if c is any real number greater than 1/4, then c is not in the Mandelbrot set. 
Note: Combining this with Example 4.23 shows that the cusp in the cardioid section of 
the Mandelbrot set occurs precisely at c = 1/4. 

11. Use Theorem 4.16 to show that the point -}V3i belongs to the Mandelbrot set. 

12. Show that the points c that solve the inequalities of Theorem 4.16 form a cardioid. This 
cardioid is the main body of the Mandelbrot set shown in color plate 6. Hint: It may be 
helpful to write the inequalities of Theorem 4.16 as 

is. 


[er Greer ee ae Ons ae nari) 


13. Suppose that {zy, z;} is a 2-cycle for fi Show that if zp is attracting for g2(z), then so is 
the point z). Hint: Differentiate g2(z) = fC f(z)) using the chain rule, and show that 
Bi(z0) = gz). 

14. Generalize Exercise 13 to n-cycles. 


The remaining exercises are suggested projects for those wishing to engage in a more 
detailed study of complex dynamics. 


15. Write a report on how complex analysis is used in the study of dynamical systems. 
Resources include bibliographical items 53, 54, 55, 58, and 143. 

16. Write a report on how complex analysis is used in the study of fractals. Resources 
include bibliographical items 7, 8, 9. 11, 55, 57, 58, 78, 84, 101, 125, 126, 134, 139, 
143, 167, 175, and 188. 

17. Write a report on how complex analysis is used to study the Julia set. Resources include 
bibliographical items 144 and 177, 

18. Write a report on how complex analysis is used to study the Mandelbrot set. Include 
ideas and examples that are not mentioned in the text. Resources include bibliographical 
items 31, 45, 56. 74, 125, 126, and 177. 

19, Write a report on how complex functions are used in the study of chaos. Resources 
include bibliographical items 11, 53. 54, 55, 57, 58, 142, and 168. 


) 


Elementary Functions 


How should complex-valued functions such as e*, log z, sin z, etc.. be defined? 
Clearly, any responsible definition should satisfy the following criteria: (1) The 
functions so defined must give the same values as the corresponding functions for 
real variables when the number z is a rea] number. (2) As far as possible, the prop- 
erties of these new functions must correspond with their real counterparts. For ex- 
ample, we would want e!:*: = ee: to be valid regardless of whether z were real 
or complex. 

These requirements may seem like a tall order to fill. There is a procedure, 
however, that offers promising results. It is to put in complex form the expansion 
of the real functions e*, sin x, etc., as power series. 


5.1 The Complex Exponential Function 


A standard result from elementary calculus is that the exponential function can be 


oo 


: 1 ee : 
represented by the power series e* = >, — x". Thus, it is only natural to define the 
n=0 Fl. 


complex exponential e* (also written as exp z) in the following way: 
Pre - = | 
Definition 5.1 e = exp(z) = = 2". 
n=O MM. 
Clearly this definition agrees with that of the real exponential function when 
z is a real number. We now show that this complex exponential has two of 
the key properties we associate with its real counterpart. and verify the identity 
e” = cos @ + i sin 8, which we promised to establish back in Chapter 1]. 


Theorem 5.1. The function exp(z) is an entire function satisfying: 


d 
(i) exp’(z) = exp(z) = e*. (In other words, - e =e.) 


(ii) exp(z) + 22) = exp(z))exp(z2). (In other words, e)'= = ees.) 
(iii) If 8 is a real number, then e = cos 8 + isin 0. 


Proof From Example 4.17, we sce that the series in Definition 5.1 has an 
infinite radius of convergence, so exp(z) is entire by Theorem 4.13, (i). 


125 
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(i) By use of Theorem 4.13, (ii), 


— on = 1 1 
i“ og= —szi-l= gr} = — 7" = exp(z). 
PAP (2) > n!~ > (n — 1)! arr: P(e) 


(ii) Let ¢ be an arbitrary complex number, and define g(z) by 
g(z) = exp(z) exp(G — z). 

Using the product rule, chain rule, and part (i), we have 
g’(z) = exp(z) exp(G — z) + exp(z)[—exp(G — z)] = 0 for all z. 


This implies that the function g must be constant (see Exercise 17 of Section 3.3), 
Thus, for all z, g(z) = g(0). Since exp(0) = 1 (verify!), we deduce 


g(z) = (0) = exp(0) exp(§ — 0) = exp(C). Hence, 
exp(z) exp({ — z) = exp(Q). 


If we set z = z, and let C = z, + Z, we get exp(z)exp(z) + z2 — zZ) = 
exp(z, + Z2), which simplifies to our desired result. 
(iii) If 8 is a real number, then by Definition 5.1, 


e”* = exp(i0) 
<1 
= >) — (i6)" 


n=0 n! 


~ 1 1 
(I) = > E y (i8)2" + n+)! corn (by separating odd and even exponents) 
n=O A). n 


2n+) 


. 6" ~< a 
> = pea Qmi id, (-D (Qn + 1! 


=cos@+isin@ (by the series representations for the real-valued sine and cosine 


(verify!) 


functions), 


Note that parts (ii) and (ili) of the Theorem 5.1 combine to verify De Moivre’s 
formula, which we gave in Section 1.5 (see identity (3) of that section). 
If z = x + ty, we also see from conclusions (ii) and (ili) that 


(3) exp(z) = & = et! = ete” = e(cos y + isin y). 


Some texts start with equation (3) as their definition for exp(z). In the exer- 
cises, we show that this is a natural approach from the standpoint of differential 
equations. 

The notation exp(z) is preferred over e° in some situations. For example, 
exp(+) = 1.22140275816017. . . is the value of exp(z) when z = 1/5, and equals 
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the positive fifth root of e = 2.71828182845904. . . . The notation e!/> is ambig- 
uous and might be interpreted as any of the complex fifth roots of the number e that 
were discussed in Section 1.5: 


ank 2nk 
el/S = 1,22140275816017 (cos 2H tain zat) oe ee SY 


To prevent this confusion, we often use exp(z) to denote the single-valued expo- 
nential function. 


Properties of exp(z) 


Since identity (3) involves the periodic functions cos y and sin y, any two points in 
the z plane that lie on the same vertical line with their imaginary parts differing by 
an integral multiple of 2% are mapped onto the same point in the w plane. Thus, the 
complex exponential function is periodic with period 27. 


EXAMPLE 5.1 The points 


ll 
= $+ i(4E + 2m), fot = 0 Ee 


in the z plane are mapped onto the single point 
11x lln 
Wo = exp(z,) = eco ce + isin a 


= V3 est — © asia 
2 


2 
= 3.022725669 . . . — i1.745171479 ... 


in the w plane, as indicated in Figure 5.1. 


FIGURE 5.1 The points {z,} in the z plane (i.e., the xy plane) and their image 
Wo = exp(z,) in the w plane (i.e., the uv plane). 
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Some of the properties of the transformation w = e* = exp(z) are: 
(4) =?" = @? for all z, provided n is an integer. 
(5) @&=1)1 if and only if z = 2nmi, where n is an integer. 
(6) el = e2 if and only if z2 = z; + 2nmi, where n is an integer. 


Properties (4) through (6) are left for the reader to establish. 
Let us investigate the modulus and argument of w = e*. If z = x + iy, and we 
write w in its exponential form as w = pe’, equation (3) gives us 


pe® = erel’, 
Using property (4) of Section 1.5, the preceding implies 
(7) p=e* and >= y+ 2nn, where n is an integer. Therefore, 
(8) p= |e|=e* and 
(9) o = arge = Arg e* + 2nnm, where n is an integer. 

If we solve the equations in statement (7) for x and y, we get 
(10) x=Inp, andy= + 2mm, where 7 is an integer. 


Thus, for any complex number w # 0, there are infinitely many complex numbers 
z =x + ty such that w = e*. From statement (10), we see that the numbers z are 


Qi) z=xtiy=Inp + io + 2nm) 
= In | w| + i(Arg w + 2nn), where n is an integer. 


Hence 
exp[In | w'| + i(Arg w + 2nt)] = w. 


In summary, the transformation w = e* maps the complex plane (infinitely often) 
onto the entire set S = {w: w # 0} of nonzero complex numbers. 

If we restrict the solutions in statement (11) so that only the principal value 
of the argument, ~m < Arg w S 7, is used, we can also see that the transformation 
w = e? = e**!’ maps the horizontal strip —2 < y S 7 one-to-one and onto the range 
set S = {w: w # 0}. This strip is called the fundamental period strip and is shown 
in Figure 5.2. Furthermore, the horizontal line z = 1 + ib, for —co < ¢ < o in the 
z plane, is mapped onto the ray w = e'e!” = e'(cos 6 + i sin b) that is inclined at an 
angle @ = b in the w plane. The vertical segment z = a + i0, for -n <0 S77 in 
the z plane, is mapped onto the circle centered at the origin with radius e“ in the w 
plane. That is, w = e“e!® = e“(cos 8 + 7 sin 8). In Figure 5.2, the lines r;, r2, and 73 
are mapped to the rays r;, r>, and 73, respectively. Likewise, the segments s), 52, and 
53 are mapped to the corresponding circles, s), s;, and 53, respectively. 
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The z plane. The w plane. 


FIGURE 5.2 The fundamental period strip for the mapping w = exp(z). 


EXAMPLE 5.2 Consider a rectangle R = {(x, y):a <x S bandc <y< d}, 
where d — c < 2m. Show that the transformation w = e* = e**'’ maps R onto a 
portion of an annular region bounded by two rays. 


Solution The image points in the w plane satisfy the following relation- 
ships involving the modulus and argument of w: 

et= | ety < [eere| < | ets | = e?, 

c = arg(e*'*) S arg(e**) < arg(e**4) < d, 


which is a portion of the annulus {pe"*: e¢ < p S e?} in the w plane subtended by 
the rays 6 = c and ¢ = d. In Figure 5.3, we show the image of the rectangle 


R= fin ys -1sxs and sys 5h 
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The z plane. The w plane. 


FIGURE 5.3 The image of R under the transformation w = exp(z). 


EXERCISES FOR SECTION 5.1 


1. Using Definition 5.1, explain why exp(0) = e® = 1. 

2. Give a careful justification for statements (1) and (2) in the proof of Theorem 5.1, part 
(iii). 

3. An alternate definition for exp(z): Many texts take the approach of starting with identity 
(3) as the definition for f(z) = exp(z). This exercise shows this is a natural approach 
from the standpoint of differential equations. Our starting point is that we require f(z) 
to be the solution to an initial-value problem satisfying the following three properties: 
(1) f is entire, (2) f’(z) = f(z) for all z, and (3) f(0) = 1. Suppose f(z) = f(x + iy) = 
u(x, y) + iv(x, y) satisfies properties (1), (2), and (3). 

(a) Use the result f’(z) = u,(x, y) + iv,(x, y) and the requirement f'(z) = f(z) from 
property (2) to show that u,(x, y) — u(x, y) = 0. 


0 
(b) Show the result in part (a) implies re [u(x, y)e~*] = 0. Note that integrating this 
x 


last equation partially with respect to x gives u(x, y)e~* = p(y), where p(y) is a 
function of y alone. 

(c) Using a similar procedure for v(x, y), show we wind up getting the pair of solutions 
u(x, y) = p(y)e*, and v(x, y) = g(y)e*, where p(y) and g(y) are functions of y alone. 

(d) Now use the Cauchy-Riemann equations to conclude from part (c) that p(y) = 
q'(y) and p'(y) = —q(y). 

(e) Show the result in part (d) implies p’(y) + p(y) = 0 and qg’(y) + q(y) = 0. 

(f) Given that f(0) = f(0 + 07) = u(0, 0) + iv(O, 0) = 1 + O07, together with the known 
solutions to the equations in part (e), conclude that identity (3) follows. 

Verify properties (4) through (6) given in the text. 

5. The questions for this problem relate to Figure 5.2. The shaded portion in the w plane 
indicates the image of the shaded portion in the z plane, with the darkness of shading 


indicating the density of corresponding points. 


= 
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(a) Why is there no shading inside the circle »,? 

(b) Explain why the images ofr). r2, and r; appear to make, respectively. angles of 
—7n/8, m/4, and 3n/4 radians with the positive u axis. 

(c) Why does the shading get Jighter in the w plane as the distance from the origin 
increases? 

(d) Describe precisely where the images of the points +/n (in the z plane) should be 
located in the w plane. 


6. Show that exp(z + im) = exp(z — fm) holds for all z. 
7. Find the value of e° = « + iv for the following values of <, 
w= 5-7 () -4 455 
3m iT . 1 ; 
eae es i a UW) 2 2 
8. Find all valucs of z for which the following equations hold. 
(a) @ = -4 (b) e = 2+ 2i 
(c) f= V3 -3 (dy) = -1+ 1/3 
9. Express exp(z*) and exp(1/z) in Cartesian form u(x, y) + iv(xy, y). 
10. Show that: 
(a) exp(Z) = exp z holds for all z and that 
(b) exp(z) is nowhere analytic. 
11. Show that |e *| < 1 if and only if Re(z) > 0. 
12. Show that: 
eel _ ett 
(a) lim =f (b) lim =] 


14. 


15, 


16. 


0S raid 


. Show that f(z) = ze* is analytic for all < by showing that its real and imaginary parts 


satisfy the Cauchy-Riemann equations. 
Find the derivatives of the following: 


(a) e° (b) 27 exp(z') 
(c) etarthys (d) exp(1/z) 
Let 7 be a positive integer. Show that: 
] 
(a) (exp z)” = exp(nz) (b) = exp(—nz) 
(exp z)" 


Show that the image of the horizontal ray x > 0, vy = 7/3 under the mapping w = 
exp zis a ray. 


. Show that the image of the vertical line segment x = 2, y = f, where 7/6 < ¢ < 77/6 


under the mapping w = e' 1s half of a circle. 


. Use the fact that exp(z*) is analytic to show that e*-)" sin 2xv is a harmonic function. 
. Show that the image of the line x = ft, y = 2m + t, where —e < ¢ < oo under the mapping 


w = exp z isa spiral. 


. Show that the image of the first quadrant 1 > 0, v > O under the mapping w = exp z is 


the region |w| > 1. 


. Let o be a rea! constant. Show that the mapping w = exp z maps the horizontal strip 


a <y <a + 2m one-to-one and onto the range |[w| > 0. 


. Explain how the complex function e and the function e* studied in calculus are different. 


How are they similar? 
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5.2 Branches of the Complex Logarithm Function 


If w is a nonzero complex number, then the equation w = exp z has infinitely many 
solutions. Because the function exp(z) is a many-to-one function, its inverse (the 
logarithm) is necessarily multivalued. Special consideration must be made to define 
branches of the Jogarithm that are one-to-one. 


Definition 5.2 (Multivalued Logarithm) For z # 0, we define the func- 
tion log(z) as the inverse of the exponential function, that is, 


(1) log(z) = ws ifand only if 2 = exp(w). 


If we go through the same steps as we did in equations (10) and (11) of Section 
5.1, we will see that the values of w that solve equation (1) are 


(2) log(z) = Infz| + farg(z) (< # 0), 


where arg(z) is an argument of z and In | Z| denotes the natural logarithm of 
the positive number rae Using identity (5) in Section 1.4, we can write 


(3) log(z) = In | Z| + if{Arg(z) + 2mn], where n is an integer. 


We call any one of the values given in equations (2) or (3) a Jogarithm of z. 
Notice that the different values of Jog(z) all have the same rea! part and that their 
imaginary parts differ by the amount 277, where 7 is an integer. 


Definition 5.3 (Principal Value of the Logarithm) For z + 0, we define 
the principal value of the logarithm as follows: 


(4) Log(z) = In|z| + 7 Arg(z), where |cz| > O and —n < Arg(z) < 2. 


The domain for f(z) = Log(z) = w ts the set of all nonzero complex numbers 
in the z plane, and its range is the horizontal strip —nz < Im(w) S 7 in the w plane. 
Notice that Log(z) is a single-valued function and corresponds to setting 7 = 0 in 
formula (3). This is the choice used by popular software programs such as Mathe- 
matica™, which we used to produce Figure 5.4. Parts (a) and (b) of this figure give 
the real and imaginary parts (uw and v. respectively) for Log(z) = Log(x + iy) = 
a(x, ¥) + iv(x, y). Figure 5.4(b) illustrates a phenomenon inherent in constructing a 
logarithm function: It must have a discontinuity! This is the case because as we saw 
in Chapter 2, any branch we choose for arg(z) is necessarily a discontinuous func- 
tion, The principal branch, Arg(z), is discontinuous at each point along the negative 
X axis. 
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x * * 
(a) uw = Re[Log(z)] (b) v = Im[Log(z)] 


FIGURE 5.4 The real and imaginary parts of Log(z). 


EXAMPLE 5.3 By standard computations, we have 
: : . : In2 (nx 
log(] + i) = Inj 1 + i] + farg( ae er qt 2m : 


where # is an integer; the principal value ts 


In2 7 
l+i)=—-47-. 
Log( i) 5 Pr 


Properties of log(z) and Log(z) 
From equations (1) and (4), it follows that 
(5) exp[Log(z)] = z for all z 4 0, 


and that the mapping w = Log z is one-to-one from the domain D = {z: \z} > 0} 
in the z plane onto the horizontal strip —m < Im(#) S 7 in the w plane. The mapping 
w = Log(z) and its branch cut are shown in Figure 5.5. 


¥ ¥ 


FIGURE 5.5 The single-valued mapping w = Log(z). 
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Even though Log(z) is not continuous along the negative real axis, it is still 
possible to compute the logarithm of negative numbers. 


EXAMPLE 5.4 By using equation (4) we see that 


(a) Log(—e) = In|-e| + i Arg(—e) = 1 + in, and 
(b) Log(—1) = In] —1| + i Arg(—1) = in. 


When z = x + i0, where x is a positive real number, the principal value of the 
complex logarithm of z is 


(6) Log(x + i0) = Inx, where x > 0. 


Hence Log(z) is an extension of the real function in x to the complex case. To find 
the derivative of Log(z), we use polar coordinates z = re’*, and formula (4) becomes 


(7) Log(z) = Iny + 10, where -—n < 0 S andr > 0. 


In equation (7) we have u(r, 8) = In r and v(r, 8) = 8. The polar form of the 
Cauchy-Riemann equations are 
] 1] -1 
(8) u,-=—-v,=7- and v,=—u, = 0 
r r r 


and appear to hold for al] z ~ 0. But since Log(z) is discontinuous along the nega- 
tive x axis where 9 = 7, the Cauchy-Riemann equations (8) are valid only for 
—nm <6 < 7, The derivative of Log(z) is found by using the results of equations 
(8) and identity (15) of Section 3.2, and we find that 


d ; 1. I 
(9) 7 Log(z) = e-"(u, + iv, =-—e" =-, where-n <60< nandr> 0. 
Z r Zz 


Let z; and z, be nonzero complex numbers. The multivalued function log z 
obeys the familiar properties of logarithms: 


(10)  log(ziz2) = log(z;) + Jog(z2), 
(11) log(zi/zz) = log(z,) — log(z2), and 
(12) log(1/z) = —log(z). 


Identity (10) is easy to establish. Using identity (12) in Section 1.4 concerning the 
argument of a product, we write 


log(ziz2) = In] z | |z2| + f arg(ziz2) 
=Injz} + In + éarg(z,;) + i arg(z) 
= [In| z,| + farg (2) + [In| z2| + é arg(z2)) = log(z;) + log(z.). 


£2 


Identities (11) and (12) are easy to verify and are left as exercises. 
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It should be noted that identities (10)-(12) do not in general hold true when 
og(z) is replaced everywhere by Log(z). For example. if we make the specific 
thoices 2} = — Y3 + iandz >= —1 + i./3, then their product is 2\z2 = —4i. Com- 
outing the aimee value of the logarithms, we find that 


ere im 
Log(zi<2) = Log(—4i) = In4 - =. 


Che sum of the logarithms is ea by 


Log(z)) + Log(z:) = Log(— ¥3 + i) + Log(—1 + i¥3) 
i2 
win? +84 tars an 44 20, 


ind identity (10) does not hold for these principal values of the logarithm. 

We can construct many different branches of the multivalued logarithm func- 
ion. Let o denote a fixed real number, and choose the value of & = arg(z) that lies 
nthe range @ < 9 = a + 22. Then the function 


13) f(s) =Inr + 710. wherer > Oanda<60<5 a+ 22 


s a single-valued branch of the logarithm function. The branch cut for f is the ray 
} = a. and each point along this ray is a point of discontinuity of f Since 
:xp| f(<)] = <. we conclude that the mapping w = f(z) is a one-to-one mapping of 
he domain |z| > 0 onto the horizontal strip a < Im(w) S$ @ + 2m. Ifa<c< 
i< a+ 2n, then the function w = f(z) maps the set D = {re":a << r<be< 
}< d} one-to-one and onto the rectangle R = {u + ivilIna<u<Inbc<v<d}. 
The mapping w = f(z), its branch cut 8 = a, and the set D and its image R are 
shown in Figure 5.6. 


FIGURE 5.6 The branch w = f(z) of the logarithm. 
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Any branch of the logarithm function is discontinuous along its branch cut. 

In particular, f(z) = Log(z) is discontinuous at z = 0 and at points on the negative 

x axis. Hence the derivative of Log(z) does not exist at z = O and at points on the 

negative x axis. However, if we focus our attention on the multivalued function 

= log(z), then implicit differentiation will permit us to use the formula dw/dz = 

1/z. This can be justified by starting with the second formula in equations (1) and 
differentiating implicitly with respect to z to get 


(14) 1 = exp() “ 


We can substitute exp(w) = z in equation (14) and obtain 


dw ] ] 


dz ~ exp(w) Zz” 


Therefore we have shown that 


d 

(15) ie log(z) = ~ 
holds for all z # 0. 

It is appropriate to consider the Riemann surface for the multivalued function 
w = log(z). This requires infinitely many copies of the z plane cut along the negative 
x axis, which we will label S,; for k = Ne tee 1S Oy AE Ste, 
Now stack these cut planes directly cnn gach other so that the comespondinie points 
have the same position. Join the sheet S, to $,,, as follows. For each integer k the 
edge of the sheet S; in the upper half plane is joined to the edge of the sheet 5; 
in the lower half plane. The Riemann surface for the domain of log(z) looks like a 


spiral staircase that extends upward on the sheets 5), S52,. . . and downward on the 
sheets S_), S_2,. . . , as shown in Figure 5.7. Polar coordinates are used for z on 
each sheet: 


| 


(16) onS,, use z= r(cos®@+ isin ®@), where 
|z| and 2nk —- 2 <0 < m+ 2nk. 


tt 


; 
The correct branch of log(z) on each sheet is 


(17) on S, use log(z) = Inr + #6, where 
r= |z| and 2nk-n< 050+ 2nk. 
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FIGURE 5.7 The Riemann surface for the mapping w = log(z). 


EXERCISES FOR SECTION 5.2 


1. 


Aw Ss 


10. 


11. 


Find the principal value Log(z) = u + iv for the following: 


(a) Log(ie’) (b) Log(/3 — i) 

(c) LogG/2 ~ /2) (d) Log{(1 + i] 

Find ail the values of log(z) for the following: 

(a) log(—3) (b) log(4i) 

(c) log 8 (d) log(-/3 — i) 

Find ail the values of z for which the following equations hold: 
iv in 

(a) Log(z) = 1 — ri (b) Log(z — 1) = es 

(c) exp(z) = —ie (d) exp(z + 1) =7 


Use properties of arg(z) in Section 1.4 to establish identity (11). 

Use properties of arg(z) in Section 1.4 to establish identity (12). 

Show that log(z) = Log(z) + i21mn where n is an integer. 

Let w = log(f(z)). Use implicit differentiation to find dw/dz at points where f(z) is 
analytic and nonzero. 

Use implicit differentiation to find dw/dz for the following: 

(a) w = log(z* — z + 2) (b) w = z log(z) 

Show that f(z) = Log(iz) is analytic everywhere except at points on the ray given by 
y 20, x = 0. Find f'(z). 

Show that f(z) = [Log(z + 5)]/(z? + 3z + 2) is analytic everywhere except at the points 
—1, —2 and at points on the ray x s —5, y = 0. 

Show that if Re(z) > 0, then Log z = + In(x? + y?) + i arctan(y/x), where the principal 
branch of the real function arctan ¢ is used; that is, —m/2 < arctan t < 7/2. 
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12. Show that: 
(a) InQx? + y*) (b) arctan(y/x) 
are harmonic functions in the right half plane Re(z) > QO. 
13. Show that z” = exp[{n log(z)} where n is an integer. 
14, (a) Show that Log(z)z2) = Log(z,;) + Log(z2) holds true provided that Re(z,) > 0 and 
Re(z2) > 0. 
(b) Does Log[(—1 + /)?]} = 2 Log(—1 + A? 
15. (a) Is it always true that Log(1/z) = —Log(z)? Why? 


d ] 
(b) Is it always true that — Log(z) = -— ? Why? 
Z z 


16. Construct branches of Jog(z + 2) that are analytic at al] points in the plane except at 
points on the following rays: 
(a) x = -2,yv=0 (b) x = -—2,¥y 20 (c)x = —-2,¥ 50 

17. Construct a branch of log(z + 4) that is analytic at the point z = —5 and takes on the 
value 77i there. 

18. Using the polar coordinate notation z = re’*, discuss the possible interpretations of the 
function f(z) = Inr + 19. 

19. Show that the mapping w = Log(z) maps the ray r > 0, 8 = 7/3 one-to-one and onto 
the horizontal line v = 1/3. 

20. Show that the mapping w = Log(z) maps the semicircle r = 2, —1/2 <= 0 s 7/2 one- 
to-one and onto the vertical line segment w = In 2, -a/2 < v Ss R/2. 

21. Find specific values of z, and c2 so that Log(z)/z:) # Log(z)) — Log(z2). 

22. Show that loglexp(z)] = z + /2mn, where nv is an integer. 

23. Show why the solutions to equation (1) are given by those in equation (2). Hint: Mimic 
the process used in obtaining identities (10) and (11) of Section 5.1. 

24. Explain why the function Log(z) is not defined when z = 


5.3 Complex Exponents 


In Section 1.5 we indicated that the complex numbers ure complete in the sense that 
it is possible to make sense out of expressions such as ./1 + 7 or (—1)! without 
having to appeal to a number system beyond the framework of complex numbers. 
We are now in a position to come up with a meaningful definition of what is meant 
by a complex number raised to a complex power. 


Definition 5.4 Let c be a complex number. We define z° by the equation 
(1) 2 = expfe log(z)]. 


This definition makes sense, since if both z and c are real numbers with 
z > 0, equation (1) gives the familiar (real) definition for z’. 

Since log(z) is multivalued, the function 2° will in general be multivalued. The 
function f given by 


(2) f(z) = exp{c Log(z)} 


is called the principal branch of the multivalued function z’. Note that the principal 
branch of z° is obtained from equation (1) by replacing log(z) with the principal 
branch of the logarithm. 
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EXAMPLE 5.5 Find the principal values of \/1 + i and (—1). 
Solution From Examples 5.3 and 5.4, 


In 2 8 tT 
Log(] + 4) = —+i- =In2!2 4+ j7-, d 
og( i) 7 vr in vr an 


Log(—1) = in. 
By using equation (1), therefore, we see that the principal values of /1 + i and 
(—1) are 
JT +i=(1 +i? 
1 
= exp (m 2'2 4 5) 
= cxp( In 214 + 4 
8 
= 214 (cos + isin z) 
= 1.09684 + 0.45509i, and 
(-1)' = exp(i(in)) 
= exp(—7) 
= 0.04321. 


It is interesting that the result of raising a real number to a complex power 
may be a real number in a nontrivial way. 


Let us now consider the various possibilities that may arise when we apply 
formula (1): 

Case (i): Let us suppose c = k, where k is an integer. Then if z = re’’, 

k log(z) = k In(r) + ik(@ + 277), 


where n is an integer. Recalling that the complex exponential function has period 
2ni, we have 
(3) = exp{k log(z)] 
= exp[k In(r) + ik(® + 2nn)) 
= r* exp(ikO) = r*(cos k@ + i sin k@), 
which is the single-valued kth power of z that was studied in Section 1.5. 
Case (ii): If c = 1/k, where k is an integer, and z = re’, then 


i Z 
Lip + OH 2am) 
k k 
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where n is an integer. Hence, formula (1) becomes 


I 
ext let | 


1 
exo? In(r) + i 


(4) zk 


8+ 21n 
k 


6+ 2nn i 8 + 2mn _ , {0+ 21H 
rk exp iT = lk Co aera esi 5 


Using again the periodicity of the complex exponential function, we see that equa- 
tion (4) gives k distinct values corresponding ton = 0, 1,....k — 1. Therefore, 
the fractional power z! is the multivalued kth root function. 

Case (iil): If j and k are positive integers that have no common factors, and 
c = j/k, then formula (1) becomes 


. f aa - 
(5) gi/k = pith exp] 2 2 = rl cos( > 2272) ¥ isin( © + zea) | 


k k 


and again there are k distinct values corresponding ton = 0,1,....k — 1. 
Case (iv): If c is not a rational number, then there are infinitely many values 
for z'. 


EXAMPLE 5.6 The values of 2'?*'/5° are given by 


I 


: | { 
2191150 = tat a Dede] 
ox ( 915 -) dn in | 
In2_nm , (In2 , 2nn 
See Veet soto 


De 9 
9 e-nn/25] eos In2 + ann + isin In2 + 2a) ; 
50 9 50 9 


where nv is an integer, and the principal value of 2!/9*'/° is given b 
g y 


. In 2 In 2 
1/9+7/50 — 91/9 eS) +75] —— = ], +0. 2i. 
2 =2 cos( 50 ) i sn( 5 ) = 1.079956 + 0.014972: 


Terms for the multivalued expression with n = —9, —8,. . ., 8,9 are shown 
in Figure 5.8, and exhibit a spiral pattern that is often present in complex powers. 
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FIGURE 5.8 Some of the values of 2!+//5°, 


Some of the rules for exponents carry over from the real case. If c and d are 


complex numbers and z # 0, then 


(6) 
(7) 
(8) 
(9) 


<”, where vn is an integer. 


Identity (9) does not hold if 7 is replaced with an arbitrary complex value. 


EXAMPLE 5.7 


exp[i log(—1))} = e-"'72""",_ where vn is an integer and 
exp(2i log 1) = e~''+4"", where v is an integer. 


Since these sets of solutions are not equal, identity (9) does not always hold. 
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The derivative of f(z) = exp[c Log(z)] can be found by using the chain rule, 
and we see that 


a0) f(2P= < expic Log(z)]. 


If we use z° = exp{c Log(z)], then equation (10) can be written in the familiar form 
we learn in calculus. That is, 


d 
Il) —2= 
(11) a 


which holds true when z‘ 1s the principal value, when z lies in the domain r > 0, 
—m <6 < 7, and when c is a complex number. 

We can use definition (1) to define the exponential function with base b where 
b # 0 is a complex number, and we write 


(12) & = exp[z log(b)]. 


If a value of log(}) is specified, then 6* in equation (12) can be made single-valued, 
and the rules of differentiation can be used to show that the resulting branch of b* 
is an entire function. The derivative of b= is then given by the familiar rule 


(13) <6 = b Jog(b). 


EXERCISES FOR SECTION 5.3 


1. Find the principal value of the following: 


(a) 4 (b) (+ (e) (-1) (d) (+ i3y? 
2. Find all values of the following: 
(a) i (b) (-1)¥? (c) (2 (d) (1 + a 


Show that if z # 0, then z” has a unique value. 

Find all values of (~—1)* and (i)??. 

5. Use polar coordinates z = re, and show that the principal branch of z' is given by the 
equation 


reas 


z= e“fcos(In r) + isin(nr)], wherer > Oand-z7<O6< 2. 
6. Let be a real number. Show that the principal branch of z* is given by the equation 
z= r™cos a6 + ir’ sin a6, where -n <0 < 7. 


Find (d/dz)z"*. 

Establish identity (13); that is, (d/dz)b* = b- Jog(b). 

8. Letz, = (1 + 0)” forn = 1, 2,.. . . Show that the sequence {z,} is a solution to the 
linear difference equation 


Pa 


ln = 22-1 — 22,.2 forn = 3,4, .... 


Hint. Show that the equation holds true when the values z,, z,_;, and z,,_2 are substituted. 
9. Verify identity (6). 10. Verify identity (7). 
11. Verify identity (8). 12. Verify identity (9). 
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13. Is ] raised to any power always equal] to 1? Why”? 
14. Construct an example that shows that the principal value of (z)z2)'? need not be equal 


to the product of the principal values of z!* 24°. 


5.4 Trigonometric and Hyperbolic Functions 


Given the success we have had in using power series to define the complex expo- 
nential, we have reason to believe this approach will be fruitful for other elementary 
functions as well. The power series expansions for the real-valued sine and cosine 
functions are 

yent ] ted ai 


nye >> (-1)" n> 1! + and cosx = 2, (-1)" Om! 


Thus, it is natural to make the following definitions. 


Definition 5.5 


vin 
Zz 


——— ) COS = —1)" : 
n=O (2n + 1)! 2, ( (2n)! 

Clearly, these definitions agree with their real counterparts when < is real. 
Additionally, it is easy to show that cos z and sin z are entire functions. (We leave 
the argument as an exercise.) Their derivatives can be computed by appealing to 
Theorem 4.13. part (11): 


d oe gd 
(1) —sinz= - b (-1)" =| 
n=O 


dz he (2n + 4)! 
= s aay (2n + Ic?" (Exercise: Explain why the index n 
ra) (2n + 1)! stays at O here.) 
- > aa oon 
z,' ) (2n)! 
= COS c. 


It is left as an exercise to show that 

d : 
(2) —cosz= —sinz. 

dz 

We also ask you to establish that for all complex values z, 
(3) sin? z + cos? z = L. 


The other trigonometric functions are defined in terms of the sine and cosine 
functions and are given by 
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] 1 
(5) secz = , cscz= : 
COS Z sin z 


The rules for differentiating a quotient can now be used in equations (4) and 
(5) together with identity (3) to establish the differentiation formulas 


d d 
(6) ~—tanz = sec? z, —cotz = —csc2z; 
dz dz 
d d 
(7) ne sec z = sec Zz tan z, > csc Z = —cse z cot z. 
Zz z 


Many algebraic properties of the sine and cosine extend to the complex 
domain. It is easy to show by appealing to Definition 5.5 that 


(8) sin(—z) = —sinz and cos(—z)=cosz forallz 


To establish other properties, it will be useful to have formulas to compute cos z 
and sin z that are of the form u + iv. (Additionally, the applications in Chapters 9 
and 10 will use these formulas.) We begin by observing that the argument given to 
prove part (iii) in Theorem 5.1 easily generalizes to the complex case with the aid 
of Definition 5.5. That is, 


(9) e@ =cosz+isinz 
for all z, whether z is real or complex. Hence, 
(10) e-® = cos(—z) + i sin(—z) = cos z — isinz, 


Subtracting equation (10) from equation (9) and solving for sin z gives 
(11) si (es <) (e! at) 
nz = — (e® — e7®) = — (eet it — evi), 
sin z i e y e€ € 
Now we appeal to Theorem 5.1, parts (ii) and (iii), to get 


: 1 aes hes 
sin z = ¥ [e~*(cos x + isin x) — e(cos x — isin x)J 
i 


e+ e-* 


; YY eny 
= sin x > + icosx 


2 
Similarly 


(12) cosz = 4(e + et) = d(e-tit + eri) 


ev + e-* ay ev — e* 
cos x{| ——— ] — 1 sin x| ——]. 
2 2 


You may recall that the hyperbolic cosine and hyperbolic sine of the real 
variable y are 


Yoo ery You any 
(13) coshy = = and sinh y = = 


Substituting identities (13) into the proper places of equation (12) gives 


5.4 Trigonometric and Hyperbolic Functions 145 


(14) sin z = sin x cosh y + i cos x sinh y. 
A similar derivation leads to the formula for cos z: 
(15) cos z = cos x cosh y — / sin x sinh y. 


A graph of the mapping w = sin z = sin(x + fy) = sin x cosh y + i cos x sinh 
y can be obtained parametrically. Consider the vertical line segments in the z plane 
—nx kn 
—_—— + ~~ 
2 12 
x value letting y vary continuously, -3 < y < 3. The image of these vertical seg- 
ments are hyperbolas in the uv plane, as Figure 5.9 illustrates. We will give a more 
detailed investigation of the mapping w = sin z in Chapter 9. 


obtained by successively setting x = fork =0,1,.. ., 12, and for each 


—n/2 


FIGURE 5.9 Vertical segments are mapped onto hyperbolas by w = sin(z). 


Identities (14) and (15) can be used to investigate the periodic character of 
the trigonometric functions, and we have 


(16) cos(z + 2x) = cosz and sin(z + 2m) = sinz 
and 

(17) cos(z + ™) = ~cosz and = sin(z + %) = —sinz. 
Identities (17) can be used to show that 

(18) tan(z+ 7m) =tanz and cot(z + ™) = cotz 


A solution of the equation f(z) = 0 is called a zero of the given function f 
The zeros of the sine and cosine function are real, and we find that 


(19) sing = 0 if and only if z = nn, 
where n = 0, +1, +2,.. ., and 


(20) cosz= if and only if z = (n + 4)n wheren = 0,+1,4+2, .... 
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EXAMPLE 5.8 Let us verify identity (20). We start with equation (15) and 
write 


(21) O = cos x cosh y — 7 sin x sinh y, 
Equating the real and imaginary parts of equation (21), we obtain 
(22) O=cosxcoshy and O= sin x sinh y. 


Since the real~valued function cosh y is never zero, the first equation in (22) implies 
that 0 = cos x, from which we obtain x = (n + 4+)m forn = 0, +1,42,.... By 
using these values for x the second cquation in (22) becomes 


0 = sin|(7 + 4)r] sinh y = (—1)" sinh y. 


Hence y = 0, and the zeros of cos z are the values z = (n + 3)m where n = 0, +1, 
BD ie soe 


The standard trigonometric identities are valid for complex variables: 
(23) sin(z,; + z2) = sin zy cos 22 + cos z, sin z» and 
(24) cos(z; + 22) = cos 2) COS z2 — SiN zZ) SIN Ze. 
When z, = 22, identities (23) and (24) become 
(25) sin2z = 2sinzcosz and cos 2z = cos? z — sin? z. 
Other useful identities are 


(26) sin(—z) = —sinz and = cos(—z) = cos z, 


fm {th _ {a 
(27) sin( + :) = sin( 3 - : and sin( - :} = COS z. 


EXAMPLE 5.9 Let us show how identity (24) is proven in the complex case. 
We start with the definitions (3) and (4) and the right side of identity (24). Then we 
write 


(28) COS 2) COS 2 = + [ei so) fb gilcy-sa) fe gia-2y) 4 er tsy 22 ] and 
—sin ZI sin a= + [eis ts) — el -22) = eila-ry) 4 eA 2), 
When these expressions are added, we obtain 
COS Zz) COS 22 — sin Z SiN Z2 = F [efi + e-M1' =] = cos(zy + z), 


and identity (24) is established. 
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Identities involving moduli of cosine and sine are also important. If we start 
with identity (14) and compute the square of the modulus of sin z, the result is 


|sinz = | sin x cosh y + icos x sinh y? 
sin? x cosh? y + cos? x sinh? y 
sin* x(cosh? y — sinh? y) + sinh? y(cos? x + sin? x), 


Using the hyperbolic identity cosh? y — sinh? y = 1 yields 

(29) |sinz|? = sin? x + sinh? y. 

A similar derivation shows that 

(30) | cos z|? = cos? x + sinh? y. 

If we set z = x9 + iy in equation (29) and let y — , then the result is 


lim | sin(x) + iy)? = sin? xo + lim sinh? y = , 

Yee ye 
This shows that sin z is not a bounded function, and it is also evident that cos z is 
not a bounded function. This is one of the important differences between the real 
and complex cases of the functions sine and cosine. 

From the periodic character of the trigonometric functions it is apparent that 
any point w = cos z in the range of cos z is actually the image of an infinite number 
of points. 


EXAMPLE 5.10 Let us find all the values of z for which the equation 
cos z = cosh 2 holds true. Starting with identity (15), we write 


(31) cos x cosh y — i sin x sinh y = cosh 2. 
Equating the real and imaginary parts in equation (31) results in 
(32) cosxcoshy =cosh2 and  sinx sinhy = 0. 


The second equation in (32) implies either that x = nz where n is an integer or that 
y = 0. Using the latter choice y = 0 and the first equation in (32) leads to the 
impossible situation cos x = (cosh 2/cosh 0) = cosh 2 > 1. Therefore x = na where 
nis an integer. Since cosh y = 1 for all values of y, we see that the term cos x in 
the first equation in (32) must also be positive. For this reason we eliminate the odd 
values of n und see that x = 2k where k is an integer. 

We now solve the equation cosh y cos 2xk = cosh y = cosh 2 and use the 
fact that cosh y is an even function to conclude that y = +2. Therefore the solutions 
to the equation cos z = cosh 2 are z = 27k + 2i where k is an integer. 


The hyperbolic functions also find practical use in putting the tangent function 
into u + iv form. By earlier results, we have 
sin(x + iy) _ sin x cosh y + i cos x sinh y 


tan z = tan(x + iy) = ————— = — : ; 
cos(x + iy) cos x cosh y — i sin x sinh y 
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If we multiply each term on the right by the conjugate of the denominator, the 
simplified result will be 
cos x sin.x + i cosh y sinh y 

(33) tan < = — 
cos” x cosh* y + sin? x sinh? y 
We leave as an exercise that the identities cosh? y — sinh? v = 1, and sinh 2y = 
cosh y sinh y can be used in simplifying equation (33) to get 
sin 2x : sinh 2y 
(34) tan z = ———_——_ _ + 1. 
cos 2x + cosh 2y cos 2x + cosh 2y 

As was with the case with sin z, a graph of the mapping w = tan z can be 
obtained parametrically. Consider the vertical Jine segments in the z plane obtained 


—N kn 
by successively setting x = Fae + 6 fork = 0, 1,..., 8, and for each x value 


letting vy vary continuously, —3 s y < 3. The image of these vertical] segments are 
circular arcs in the uy plane, as Figure 5.10 shows. We will give a more detailed 
investigation of the mapping w = tan z in Chapter 9. 


FIGURE 5.10 Vertical segments are mapped onto circular arcs by 
w = fan ¢c. 


The hyperbolic cosine and hyperbolic sine of a complex variable are defined 
by the equations 


(35) coshz = }(e° + e~) and 
(36) sinh z = +(e — e7). 
The other hyperbolic functions are given by the formulas 


sinh z cosh z 
and cothz = : 


(37) tanhz = ; ; 
cosh z sinh z 
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1 
and cschs = 


(38) sechz = : . 
cosh < sinh z 


The derivatives of the hyperbolic functions follow the same rules as in calculus: 


d : d., 
(39) a cosh z = sinhz and ae sinh z = cosh z; 
dz Z 


az 


d d 
(40) = tanh z = sech*z and a coth z = —csch? z; 


“ 


d d 
(41) Ps sech < = —sechztanhz and rs esch z = —csch z coth z. 


ne & 


The hyperbolic cosine and hyperbolic sine can be expressed as 
(42) cosh z = coshxcos y + isinhxsiny and 
(43) sinh z = sinh x cos y + i cosh x sin y. 


The trigonometric and hyperbolic functions are all defined in terms of the 
exponential function, and they can easily be shown to be related by the following 
identities: 


(44) cosh(iz) = cosz and sinh(iz) = / sin z; 

(45) sintiz) =isinhz and cos(iz) = cosh z. 

Some of the identities involving the hyperbolic functions are 
(46) cosh? z — sinh? z = 1, 

(47) sinh(z, + z2) = sinh z, cosh z2 + cosh z, sinh zp, 

(48) cosh(z; + z2) = cosh z, cosh z2 + sinh z, sinh z2, 

(49) cosh(z + 2n/) = cosh z, 

(50) sinh(z + 2ni) = sinh z, 

(51) cosh(—z) = coshz, and 

(52)  sinh(—z) = —sinh z. 


We conclude this section with an example from electronics. In the theory of 
electric circuits it is shown that the voltage drop Ep across a resistance R obeys 
Ohm’s law: 

(53) Er = IR, 
where / is the current flowing through the resistor. It is also known that the current 


and voltage drop across an inductor L obey the equation 


(54 E ag 
(54) bo tea: 
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The current and voltage drop across a capacitor C are related by 
I [ i 
(55) Ec= Cn I(t) dt. 
The voltages E,, Er, and Ec and the impressed voltage E(t) in Figure 5.11 
satisfy the equation 


(56) FE, + Ere + Ec = E(t). 


E. 
Ay 
Cc 
E R 
8 FM) - of 
<—f 
™N 


FIGURE 5.11. An LAC circuit. 


Suppose that the current /(f) in the circuit is given by 
(57) A) = fy sin wt. 
Using equations (53), (54), and (57), we obtain 
(58) Er = Riy sin wt and 
(59) E, = whl cos wt, 


and we can set fo = 7/2 in equation (55) to obtain 
l 
(60) Ec = ——~ 1) cos wt. 

wC 


If we write equation (57) as a complex current 
(61) 7* = pe" 


and use the understanding that the actual physical current / is the imaginary part of 
7*, then equations (58)-(60) can be written 


(62) En = Riyel! = RI*, 


(63) E, = iwLkhe! = ioL/*, and 


ll 


es Si i 
64). Fe eer ee 
ee) GG ee Hanae 


Substituting equations (62)-(64) into equation (56) results in 


. , r 1 
(65) E* =E,+ E, + Ee = E + {or = =) Jr 
wc, 
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and the complex quantity Z defined by 


] 
66) Z=R+ i} ol - — 
(66) (o +) 


is called the complex impedance. Using equation (66), we can write 
(67) E* = ZI*, 


which is the complex extension of Ohm’s law. 


EXERCISES FOR SECTION 5.4 


1. By making use of appropriate theorems in Section 4.2, show thal sin z and cos z are 
entire functions. 


d 
2. Establish that ee cos z = —Sinz. 


3. This exercise will demonstrate that for all z, sin? z + cos? z = J. 
(a) Define the function giz) = sin? z + cos* z. Explain why g is entire. 
(b) Show that g is constant. Hint: look at g'(z). 
(c) Use part (b) to establish that for all z, sin? z + cos? z = 1. 
4. Show by appealing to Definition 5.5 that sin(—z) = -sin z, and cos(-z) = cos z for all 
5. Verify identity (9). Hint: Use a similar argument to the one used in the proof of Theorem 
4.14, part (iii). 
6. Show that equation (33) simplifies to equation (34). Hint: Use the facts that 
cosh? y — sinh? y = 1, and sinh 2v = cosh y sinh y. 
7. Explain why the pictures in Figures 5.6 and 5.7 came out the way they did. 
8. Show that: 


wT 
(a) sin(] — z) = sinz (b) sin(¥ = :) = COS Z 
9. Express the following quantities in u + iv form: 
: : {at 4i — 
(a) cos(l + 1) (b) sin 4 (c) sin 27 
+ 2; +i 
(d) cos(—2 + 1) (e) an(* ri ) (f) wn( 2 ) 


10. Find the derivatives of the following: 

(a) sin( 1/2) (b) z tan z (c) sec z° (d) zcsc? z 
11. Establish identity (15). 
12. Show that: 

(a) sin z = Sinz holds for all z and that = (b) sin Z is nowhere analytic. 
13, Show that: 

(a) lim ee O and that 


130 4 


(b) lim tan(xo + fy) = i, where x» is any fixed real number. 


14, Find all values of z for which the following equations hold: 
(a) sin z = cosh 4 (b) cosz = 2 (c) sinz = f sinh | 
15. Show that the zeros of sin z are z = nm where nis an integer. 
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16. Establish identity (23). 17. Establish identity (30). 

18, Establish the following relation: | sinh y| < |sin z| < cosh y. 

19. Use the result of Exercise 18 to help establish the inequality |coszf + |sinz? = 1, 
and show that equality holds if and only if z is a real number. 

20. Show that the mapping w = sin z maps the y axis one-to-one and onto the ¥ axis. 

21. Use the fact that sin iz is analytic to show that sinh x cos y is a harmonic function. 

22. Show that the transformation w = sin z maps the ray x = 1/2, y > O one-to-one and 
onto the ray # > I, vy = 0. 

23. Express the following quantities in u + iv form. 


; 4-j 
(a) sinh(] + 7) (b) cosh ({c) cosh 4 


24. Establish identity (46). 
25. Show that: 


(a) sinh(z + im) = ~sinh z (b) tanh(z + im) = tanh z 
26. Find all values of z for which the following equations hold: 

(a) sinh z = #/2 (b) cosh z = | 
27. Find the derivatives of the following: 

(a) z sinh z (b) cosh z- (c) z tanh z 
28. Show that: 

(a) sin iz = i sinh z (b) cosh(iz) = cos z 


29. Establish identity (42). 

30. Show that: 
(a) cosh Z = cosh z and that (b) cosh z is nowhere analytic. 

31. Establish identity (48). 

32. Find the complex impedance Z if R = 10, L = 10, C = 0.05, and w = 2. 

33. Find the complex impedance Z if R = 15, L = 10, C = 0.05, and w = 4. 

34. Explain how sin z and the function sin x studied in calculus are different. How are they 
similar? 

35. Look up the article on trigonometry and discuss what you found. Use bibliographical 
item 80. 


4 


5.5 Inverse Trigonometric and Hyperbolic Functions 


The trigonometric and hyperbolic functions were expressed in Section 5.4 in terms 
of the exponential] function. When we solve for their inverses, we will obtain for- 
mulas that involve the logarithm. Since the trigonometric and hyperbolic functions 
are all periodic, they are many-to-one. Hence their inverses are necessarily multi- 
valued. The formulas for the inverse trigonometric functions are given by 


(1) arcsinz = —/ logliz + (1 — z*)!?), 

(2) arccos z = —ilog[z + (1 — z*)'?], and 
i i+z 

(3) arctan z = = oa ) 
2 aoa 


The derivatives of the functions in formulas (1)—(3) can be found by implicit dif- 
ferentiation and are given by the formulas: 
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d epee 1 
(4) 7A arcsin z = a-2 Tyr’ 
ee —] 
(5) ie arccos z = aq-aa , and 
(6) . t 
— are Gore ge ae 
cP ctan eae 


We shall establish equations (1) and (4) and leave the others as exercises. 
Starting with w = arcsin z, we write 


. 1 
z= snw =—(e'"—e'"), 
2i 


which also can be written as 

(7) ef ~ 2iz — ev '™ = 0. 

If each term in equation (7) is multiplied by e’", the result is 

(8) (e" — ize” ~ 1 = 0, 

which is a quadratic equation in terms of e’". Using the quadratic equation to solve 
for e’” in equation (8), we obtain 


— EE = ae 


5 See gas, 


(9) e” 
where the square root is a multivalued function. Taking the logarithm of both sides 
of equation (9) leads to the desired equation 


w = arcsinz = —i logliz + (1 — 2’)!7J, 


where the multivalued logarithm is used. To construct a specific branch of arcsin z, 
we must first select a branch of the square root and then select a branch of the 
logarithm. 

The derivative of w = arcsin z is found by starting with the equation sin 
w = z and using implicit differentiation to obtain 


dw | 
dz cosw- 
When the principal value is used, w = Arcsin z = —i Logliz + (1 — <*)!/"] maps 


the upper half plane, Im(z) > 0, onto a portion of the upper half plane Im(w) > 0, 
7 Tt 
that lies in the vertical strip a < Re(w) < 5° The image of a rectangular grid in 


the z plane is a ‘‘spider web”’ in the w plane, as Figure 5.12 shows. 
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w= Arcsinz 


FIGURE 5.12 A rectangular grid is mapped onto a spider web by w = Arcsin z. 


EXAMPLE 5.11 The values of arcsin \/2 are given by 
(10) arcsin /2 = —i log{i/2 + (1 — (./2))!2] = -i log G2 + i). 
Using straightforward techniques, we simplify equation (10) and obtain 
arcsin /2 = -i log{( /2 + 1] 
7 [inva + 1) + (E . 2nn) 


Tt : 
= 3 + 2nn — i In J? +1), where 7 is an integer. 


If we observe that 


2-1/2 +1 1 = 
In( /2 -~l= ee D2) 2 In —=——_ = -In( /2 + J), 
V2+ 1 J/24+ 1 


then we can write 


tT 
arcsin /2 = 5 + 2mn+i In(./2 + 1), where n is an integer. 


EXAMPLE 5.12 Suppose that we make specific choices in equation (10). We 
select +i as the value of the square root [1 — (./2)?]!” and use the principal value 
of the logarithm. The result will be 


f(./2) = aresin /2 = —i Log(i/2 + i) = = — iln(/2 + 1), 
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and the corresponding value of the derivative is given by 


J ; 
= r7=-L 
t 


] 
"(/2) = —————_—— 
< [1 — (297) 


The inverse hyperbolic functions are given by the equations: 
(11) aresinh z = log{z + (<2 + 1)!7], 


(12) arccosh z = log[z + (z2 — 1)!”], and 


1 l+2z 
(13) arctanh z = 1 toa( ) 


The derivatives of the inverse hyperbolic functions are given by 


eet 
(22 + 1))2 ” 
] 


d 
(15) aa ae uaa TT and 


(14) g inh 
— arcsinh z = 
dz 


1 


d 
(16) —arctanh z = 


dz 1-20 
To establish identity (13), we start with w = arctanh z and obtain 
—w 20 
ee" —e (otiakcare 
z = tanh w = ———— = — . 
este e+ ] 


which can be solved for e*" to yield e** = (1 + z)/(1 — z). After taking the loga- 
rithms of both sides, we obtain the result 


Peres =| 
w = arctan 2 = 7 log ieee 


and identity (13) is established. 


EXAMPLE 5.13 Calculation reveals that 


1. Da sa 
oo 
1 

-— |n 
4 


i 


log(—1 + 7) 


1 
arctanh(1] + 27) 5 


3 ; ; 
2+ (3 + ") m™, where 7 is an integer. 
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EXERCISES FOR SECTION 5.5 


1, 


SIAN 


Find al! values of the following: 


(a) arcsin 3 (b) arccos 4 (c) arcsin 3 

(d) arccos 3/ (e) arctan 27 (f) arctan / 
Find all values of the following: 

(a) arcsinh ¢ (b) arcsinh 3 (c) arccosh { 
(d) arecosh + (e) arctanh / (f) aretanh i /3 


Establish equations (2) and (5). 

Establish equations (3) and (6). 

Establish the identity arcsin z + arccos z = ("/2) + 2mm where n is an integer, 
Establish equation (16). 

Establish equations (11) and (14). 

Establish equations (12) and (15). 
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Complex Integration 


6.1 Complex Integrals 


In Chapter 3 we saw how the derivative of a complex function is defined. We now 
turn our attention to the problem of integrating complex functions. We will find that 
integrals of analytic functions are well behaved and that many properties from cal- 
culus carry over to the complex case. To introduce the integral of a complex func- 
tion, we start by defining what is meant by the integral of a complex-valued function 
of a rea] variable. Let 


fp =uhN+ nv) forasts bd, 


where u(t) and v(t) are real-valued functions of the real variable ¢. If u and v are 
continuous functions on the interval, then from calculus we know that u and v are 
integrable functions of ¢. Therefore we make the following definition for the definite 
integral of f: 


b hb b 
(1) [ f@) dt = { u(t) dt + i| v(t) dt. 
Integrals of this type can be evaluated by finding the antiderivatives of u and 
v and evaluating the definite integrals on the right side of equation (1). That is, if 


U'(t) = u(t) and V'(t) = v(t), then we write 


b 
(2) [ f(t) dt = U(b) — Ula) + i[Vib) — Via]. 


EXAMPLE 6.1 Let us show that 
I 7‘ 
foes {pes 
(3) : (t — iy dt rie 
Since the complex integral is defined in terms of rea] integrals, we write the inte- 
grand in equation (3) in terms of its real and imaginary parts: f(r) = (tf — i? = 
rs — 3¢ + i(—3t? + 1). Here we see that u and vy are given by u(t) = f — 3f and 


v(t) = —34 + 1. The integrals of u and v are easy to compute, and we find that 


| = | 
[ (} — 31) dt = — and i (-3f 4+ Il)adt =0. 
0 4 0 
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Hence definition (1) can be used to conclude that 


1 | ] —5 
[ (¢ -— iv dt= I u(t) dt + a v(t) dt = at 


Our knowledge about the elementary functions can be used to find their 
integrals. 


EXAMPLE 6.2 Let us show that 
m/e f . = 
i, exptt + it) dt = 5 (8 — I) + Se + 1), 


Using the method suggested by equations (1) and (2), we obtain 


nf2 nf2 n/2 
i exp(t + it) dt = [ e’ cos t dt + iff e' sin t dt. 


The integrals can be evaluated via integration by parts, and we have 


nf2 1 i t=n/2 
i exp(t + it) dt = 5 e(cos t+ sin t) + 5 e'(sin tf — cos f) 
“< “- 1=0 


(er? = 1) + = (en? + 1). 


Ni 


Complex integrals have properties that are similar to those of real integrals. 
Let f(4) = u(t) + iv(t) and g(t) = p(t) + ig(t) be continuous on a < ¢ < b. Then the 
integral of their sum is the sum of their integrals; so we can write 


b b b 
(4) : [f(D + g(t] dt = f S(O dt + [ g(t) dt. 


It is convenient to divide the intervala Sf < bintoa sts candc Sts band 
integrate f(t) over these subintervals. Hence we obtain the formula 


b c b 
(6) | f(dt= | f() dt + i fl) dt 


Constant multiples are dealt with in the same manner as in calculus. If c + id denotes 
a complex constant, then 


bh b 


(6) (c + id) f(t) dt = (c + id) | fd dt. 


If the limits of integration are reversed, then 


a b 
a [i roa=-f soa 
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Let us emphasize that we are dealing with complex integrals. We write the integral 
ot the product as follows: 


b b 
(8) : f(g) dt = [ [u(t)p(t) — v(Ag(t)] dt + 
b 


i rf [u(nq(t) + v(t)p()] dt. 


EXAMPLE 6.3 Let us prove equation (6). We start by writing 
(c + id)f() = cu(t) — dv(t) + if[ev() + du(d). 


Using definition (1), the left side of equation (6) can be written as 


b 


bb b b 
(9) a u(t) dt — a| v(t) dt + ic [ v(t) dt + ia | u(t) dt, 


which is easily seen to be equivalent to the product 


b b 
(10) (c+ ial | u(t) dt + i| v(t) ar 


It is worthwhile to point out the similarity between equation (2) and its 
counterpart in calculus. Suppose that U and V are differentiable on a < t < 6 and 
F(t) = U(t) + iV(t), then F’(t) is defined to be 


F'(t) = U'(t) + iV’), 
and equation (2) takes on the familiar form 
b 
(11) | fd) dt = F(b) — F(a), where F’(t) = f(t). 
This can be viewed as an extension of the fundamental theorem of calculus. In 
Section 6.5 we will see how the extension is made to the case of analytic functions 


of a complex variable. For now, note that we have the following important case of 
equation (11): 


b 
2 | rod =f - fa 


EXAMPLE 6.4 Let us use equation (11) to show that f* exp (it) dt = 2i. 


Solution If we let F(t) = —i exp (it) = sin t — i cos ¢ and f(t) = exptit) 
=cost+isint, then F’(t) = f(t), and from equation (11) we obtain 


[ explit)dt = I f(t) dt = F(m) — F(O) = —ie'™ + ie? = 21. 
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EXERCISES FOR SECTION 6.1 


For Exercises 1-4, use equations (1) and (2) to find the following definite integrals. 


t 
t+i 


] J ni? 2 
1, [ GBr-ipdt 2, [ (+2 dt 3. [ cosh(it) dt 4, [ dt 


Wd 
5, Find i t exp(it) dt. 


6. Let m and n be integers. Show that 


2n 
{ nish Ora 0 when m # n, 
0 2% whenm =n. 


7. Show that [ e-*' dt = 1/z provided that Re(z) > 0. 


bb 
8, Let f(t) = u(t) + iv(f) where u and v are differentiable. Show that | f(Nf'(.) dt = 


TAH? ~ sf @P. 
9, Establish identity (4). 10. Establish identity (5). 
11, Establish identity (7). 12. Establish identity (8). 


6.2 Contours and Contour Integrals 


In Section 6.1 we learned how to evaluate integrals of the form f f(t) dt, where f 
was complex-valued and [a, b] was an interval on the real axis (so that f was real, 
with ¢ € [a, b]). In this section we shall define and evaluate integrals of the form 
Scf(z) dz, where f is complex-valued and C is a contour in the plane (so that z is 
complex, with z « C). Our main result is Theorem 6.1, which will show how to 
transform the latter type of integral into the kind we investigated in Section 6.1. 

We will use concepts first introduced in Section 1.6, where we defined the 
concept of a curve in the plane. Recall that to represent a curve C we used the 
parametric notation 


GQ) G2ap=x«x)+ Hn) forasrsb, 


where x(t) and y(t) are continuous functions. We now want to place a few more 
restrictions on the type of curve that we will be studying. The following discussion 
will lead to the concept of a contour, which is a type of curve that is adequate for 
the study of integration. 

Recall that C is said to be simple if it does not cross itself, which is expressed 
by requiring that z(t;) # z(t.) whenever ¢t, * t2. A curve C with the property that 
z(b) = z(a) is said to be a closed curve. If z(b) = z(a) is the only point of intersection, 
then we say that C is a simple closed curve. As the parameter ¢ increases from the 
value a to the value J, the point z(t) starts at the initial point z(a), moves along the 
curve C, and ends up at the terminal points z(b). If C is simple, then z(t) moves 
continuously from z(a) to z() as t increases, and the curve is given an orientation, 
which we indicate by drawing arrows along the curve. Figure 6.1 illustrates how 
the terms ‘‘simple’’ and ‘‘closed’’ can be used to describe a curve. 
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zh) 
z Z(t 
Z(t) ztrh ) 

zla) = z(h) 

(a) Accurve that ts simple. (bb Asimple closed curve. 

zih) 

Zt) 
Za) zt) 
Zia) = zth) 

(cd) A curve thatis vor simple (dd) Aclosed curve that is vor simple. 


and ner closed. 


FIGURE 6.1 The terms ‘‘simple™’ and ‘‘closed’” used to describe curves. 


The complex-valued function z(t) in equation (1) is said to be differentiable 
if both x(t) and y(t) are differentiable for a < t < b. Here the one-sided derivatives* 
of x(t) and y(t) are required to exist at the endpoints of the interval. The derivative 
z'(t) with respect to t is defined by the equation 


(2) 2@M=x (N+) forastsb. 


The curve C defined by equation (1) is said to be smooth if z'(1), given by 
equation (2), is continuous and nonzero on the interval. If C is a smooth curve, then 
C has a nonzero tangent vector at each point z(t), which is given by the vector z’(f). 
If x'(t9) = O, then the tangent vector z'(to) = iy’(to) is vertical. If x’(ta) # 0, then 
the slope dy/dx of the tangent line to C at the point z(fo) is given by y'(ty)/x' (tp). 
Hence the angle of inclination 6(r) of the tangent vector z'(t) is defined for all values 
of ¢ and is the continuous function given by 


O(r) = arglz’()) = arg{(x'(t) + iy]. 


Therefore a smooth curve has a continuously turning tangent vector. A smooth curve 
has no corners or cusps. Figure 6.2 illustrates this concept. 


2) z(t) 
2(b) 2(b) 
z(a) z(a) 
(a) A smooth curve. (b) A curve that is not smooth. 


FIGURE 6.2. The term ‘‘smooth’’ used to describe curves. 


*The derivative on the right x’(@") and on the left x’(b~) are defined by the following limits: 


oe aid eS tie 
—- a 1 


a'(at) = Jim Het Pp 


foo 


162 Chapter 6 Complex Integration 


If C is a smooth curve, then ds, the differential of arc length, is given by 


—— 


(3) ds = JEON) + [Vk OP dt = 


z'(t)| dt. 


Since x'(f) and y(t) are continuous functions, then so is the function 


VOL + Ly (F. and the length ZL of the curve C is given by the definite integral 


b b 

on IIA LT TALD At = aes 

4) L=]} Vi’ OP + fy OP at = [ [2'(t)| dt. 
Now consider C to be a curve with parameterization 
Cia) =a) + wi) fora sts b. 


The opposite curve —C traces out the same set of points in the plane but in the 
reverse order, and it has the parameterization 


—C: 22(t) = x(-1) + fy(—-t) for -b sts ~—a. 


Since z2(t) = z\(—f), it is easy to see that —C is merely C traversed in the opposite 
sense. This is illustrated in Figure 6.3. 


z(t) z,(t) 
z,(b) Z,(—b) 
z,(a) z,(~a) 


FIGURE 6.3 The curve C and its opposite curve ~C. 


A curve C that is constructed by joining finitely many smooth curves end to 
end is called a contour. Let C,, Co,. . ., C, denote n smooth curves such that the 
terminal point of C, coincides with the initial point of C,,,; fork = 1,2,..., 
n — |. Then the contour C is expressed by the equation 


(5) C=C, +O, +--+ + C,. 


A synonym for contour is path. 


EXAMPLE 6.5 Let us find a parameterization of the polygonal path C from 
—1 + /to3 — 7, which is shown in Figure 6.4. 


FIGURE 6.4 The polygonal path C = C; + C> + Ca from —1 4+ i to3 — 7. 
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Solution The contour is conveniently expressed as three smooth 
curves C = C; + Cz + C3. A formula for the straight line segment joining two 
points was given by equation (2) in Section 1.6. If we set z) = —1 + 7 and 
z, = —1, then the segment C; joining zp to z, is given by 


Cee -= ay hee 20) ae PP aL See a 
which can be simplified to obtain 

Cig =-1+H41-f torOsrsl. 
In a similar fashion the segments C2 and C; are given by 


Co: 22(t) = (—1 4+ 28) + it forO sts! and 
C3 33(t) = (1 + 24) + 11 -— 2) forO sts. 


We are now ready to define the integral of a complex function along a contour 
C in the plane with initial point A and terminal point B. Our approach is to mimic 


what is done in calculus. We create a partition P,, = (zo = A, Zj.22,.. -. 2, = BS 
of points that proceed along C trom A to B and form the differences Az, = zy, — z4_) 
fork = 1,2... ., 2. Between each pair of partition points z,_; and z, we select a 


point c, on C, where the function f(c,) is evaluated (see Figure 6.5). These values 
are used to make a Riemann sum for the partition: 


(6) S(P,) = D, few = f= >, fedx- 


FIGURE 6.5 Partition points {z,}, and function evaluation points {c,} for a 
Riemann sum along the contour C from z = A toz = B. 


Assume now that there cxists a unique complex number L that is the limit of 
every sequence {S(P,,)} of Riemann sums given in equation (6), where the maximum 
of | Az, | tends toward 0, for the sequence of partitions. We define the number L as 
the value of the integral of f(z) taken along the contour C. We thus have the 
following. 
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Definition 6.1 Let C be a contour, then |, f(z) dz = lim ~ Fle gaz, 
Now hel 
provided the limit exists in the sense previously discussed, 


You will notice that in this definition, the value of the integral depends on the 
contour, In Section 6.3 the Cauchy-Goursat Theorem will establish the remarkable 


property that if f(z) is analytic, then i: f(z) dz is independent of the contour. 


EXAMPLE 6.6 Use a Riemann sum to construct an approximation for the 
contour integral fc exp z dz, where C is the line segment joining the point A = 0 to 


Bee, 
4 


Solution Set n = 8 in equation (6) and form the partition Pg: q% = — + 


+ [> 


TUK aa : : ; 
5 fork = 0,1, 2,.. ., 8. For this situation, we have a uniform increment Az, = 


1 Tt : Zp +z 2k — 1 m2k -— | 
a 33 For convenience we select c, = a ee = a + ae for 
k 


c= 1,2,...,8. The points {z,} and {c,} are shown in Figure 6.6. 


FIGURE 6.6 Partition and evaluation points for the Riemann sum S(Px). 
One possible Riemann sum, then, is 


a 2k-1) n2k-HI fl rt 
S(P;) = > 4) Au = > +i + im). 
Ps) C4 Few : i= exp| 8 : 64 4 "39 


By rounding the terms in this Riemann sum to two decimal digits, we obtain an 
approximation for the integral: 


S(Pg) = (0.28 + 0.137) + (0.33 + 0.197) + (0.41 + 0.297) + (0.49 + 0.4201) 


+ (0.57 + 0.67) + (0.65 + 0.847) + (0.72 + 1.167) + (0.78 + 1.57%), 
S(Pg) = 4.23 + 5.202. 
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This compares aga with the precise value of the integral, which you will soon 
nn es 
see equals exp| 2 + iz -1=-l1+ eZ + ie = 4.22485 + 5.22485. 


In general, obtaining an exact value for an integral given by Definition 6.1 is 
a daunting task. Fortunately, there is a beautiful theory that allows for an easy 
computation of many contour integrals. Suppose we have a parameterization of the 
contour C given by the function z(t) for a < ¢ < b. That is, C is the range of the 
function z(t) over the interval [a, b], as Figure 6.7 shows. 


zn) 


ahi] ty b 


FIGURE 6.7 A parameterization of the contour C by z(t) fora st  b. 


It follows that 


lim > ficyAz% = lim > flex — %—1) 


Np h= Noe k= 


lim > At) — (th -1)]. 


neo k=] 


where the 7, and 4, are those points contained in the interval [a, b] with the property 
that c, = z(t) and z, = 2z(t,), as is also shown in Figure 6.7. If for all k we multiply 
tk 


the Ath term in the last sum by ae , we get 
kT fK-) 
t zt zt th_1) 
lim »» Feet] = 2 = "he — 1) = lim > fiz a at Jove 
Neo _ Nao k= k-} 


The quotient inside the last summation looks suspiciously like a derivative, and the 
entire quantity looks like a Riemann sum. Assuming no difficulties, this last ex- 
pression should equal 

b 


f(z(t))z'(f) dt, as defined in Section 6.1. 
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It would be especially nice if we were to get the same limit regardless of how we 
parameterize the contour C. As the following theorem states, this is indeed the case. 


Theorem 6.1 Suppose f(z) is a continuous complex-valued function defined 
on a set containing the contour C. Let z(t) be any parameterization of C for 
astsb. Then 


b 
a | pod=| peor'@ ar 


Proof We omit the proof of this theorem since it involves ideas (such as 
the theory of the Riemann-Stieltjes integral) that are beyond the scope of this book. 
A more rigorous development of the contour integral based on Riemann sums is 
found in advanced texts such as L. V. Ahlfors, Complex Analysis, 3rd ed. (New 
York: McGraw-Hill, 1979). 

There are two important facets of Theorem 6.1 that are worth mentioning. 
First, the theorem makes the problem of evaluating complex-valued functions along 
contours easy since it reduces our task to one that requires the evaluation complex- 
valued functions over real intervals—a procedure we studied in Section 6.1. Second, 
according to the theorem this transformation yields the same answer regardless of 
the parameterization we choose for C, a truly remarkable fact. 


EXAMPLE 6.7 Let us give an exact calculation of the integral in Example 
6.6. That is, we want Jc exp z dz, where C is the line segment joining A = 0 to 


Tt ; : ‘ ; 
B=2+ ve According to equation (2) of Section 1.6, we can parameterize C by 


t T 
2(t) = (2 + ), forO < t < 1. Since z'(f) = (2 + i) according to Theorem 


6.1 we have that 


J 
[expe 2= | exp 


l 
{ e”[cos(m1/4) + i sin(mt/4)] dt 


] | 
24+ iP I e”cos(mt/4) dt + i [, e* sin(nt/4) ar 
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Each integral in the last expression can be done using integration by parts. We leave 
as an exercise that the final answer simplifies to exp (2 + or — 1, as claimed in 


Example 6.6. 


EXAMPLE 6.8 Evaluate f,. 


radius | centered at x = 2 oriented in a position (i.e., counterclockwise) direction. 


dz, where C is the upper semicircle with 


z= -—2 
“ “ 


Solution The function z(t) = 2 + e”, forO < t < mis a parameterization 


| 
for C. We apply Theorem 6.1 with f(z) = —s (Note: f(<(t)) = and 


Ss, xt) — 2° 


z(t) = te".) Hence, 


| I iy 
Kioes je! = . =} 
J. 2 ss [ Qte)y—2 ie" dt idt = in. 


To help convince yourself that the value of the integral is independent of the param- 
eterization chosen for the given contour, try working through this example with 
24) = 24+ e™, forO <1 <1. 


There is a convenient bookkeeping device that helps us remember how to 
apply Theorem 6.1. Since fc f(z) dz = J? f(2(1) z'(O dt, we can symbolically equate 
z with <(f) and dz with z'(t) dt. This should be easy to remember because z is 


dz 
supposed to be a point on the contour C parameterized by <(1), and a <'(1) ac- 


cording to the Leibniz notation for the derivative. 
If <() = x(t) + iv(t), then by the preceding paragraph we have 


(8) dz = 2) dt = [x'() + WD] dt = dx + i dy, 


where dx and dy are the differentials for x(t) and y(t), respectively. (That is, dx is 
equated with x'(f) dt and dy with y'(r) dt.) The expression dz is often called the 
complex differential of z. Just as dx and dy are intuitively considered to be small 
segments along the x and y axes in real variables, we can think of dz as representing 
a very tiny piece of the contour C. Moreover. if we write 


9) [dz] =|’ 4+’) at] = |’) + iy’) | at = VI OP + Ly (OF at, 


then we know from calculus that the length of the curve C, L(C), is given by 
(10) L(C) = { VEX}? + by (Oy de -{ }dz], 
a c 


so we can think of | dz | as representing the length of dz. 
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Suppose f(z) = u(z) + iv(z), and z(t) = x(t) + iy(d) is a parameterization for 
the contour C. Then 


b 
(11) [ f(z) dz = : f(ztt))z' (1) dt 


= [ [u(z(t)) + iv(2(t)) fx") + iv'(2)) at 
Ir 


eal [u(z(t))x'(t) — v(2())v'()] dt 


b 
e if GO)" + u(y’) at 


b b 
= (ux' — vy’) at + i| (vx' + uy’) dt, 
ad a 


where we are equating u with u(z(t)), x’ with x’(f), etc. 
If we use the differentials given in equation (8), then equation (11) can be 
written in terms of line integrals of the real-valued functions u and yv, giving 


Zz a r—-vyvavrt+i »ax , 

(12) ip F(z) dz i, udx—vady+i i vax + u dy, 

which is easy to remember if we recall that symbolically 
F(z) dz = (u + iv\(dx + i dy). 


We emphasize that equation (12) is merely a notational device for applying 
equation (7) in Theorem 6.1. We recommend you carefully apply the theorem as 
illustrated in Examples 6.7 and 6.8 before using any shortcuts suggested by equation 
(12). 


EXAMPLE 6.9 Let us show that 


| zd: = | zdz=4+ 2i, 
Cc C2 


where C, is the line segment from —| —/ to 3 + i and C> is the portion of the 
parabola x = y* + 2y joining —1 — ito 3 + i, as indicated in Figure 6.8. 


Flea Sha 
(a) The line segment. (b) The portion of the parabola. 


FIGURE 6.8 The two contours C; and C2 joining —1 — / to 3 + 7. 
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The line segment joining (—1, —1) to (3, 1) is given by the slope intercept 
formula y = +x — +, which can be written as x = 2y + 1. It is convenient to choose 
the parameterization y = t and x = 2t + 1. Then the segment C, can be given by 


Ci:2) =2t+1+ it and dz=(24+ Dd for-Ilsrt<l. 


Along C,, we have f(z(t)) = 2¢ + | + it. Computing the value of the integral in 
equation (7), we obtain 


fe zdz= i (2t + 1 + in(2 + i at, 
which can be evaluated by using straightforward techniques to obtain 
[2a i. (3t + 2) dt + if, (414 + 1) dt = 4 + 21. 
Similarly, for the portion of the parabola x = y* + 2y joining (~1, —1) to 


(3, 1), it is convenient to choose the parameterization y = t and x = f + 27, Then 
C2 can be given by 


Crug) =P+2t+ it and dz=(2t+2+A)dt for-l sts. 


Along C2 we have f(z(t)) = 1? + 2t + it. Computing the value of the integral in 
equation (7), we obtain 


1 
J cac= [c+ art nart2+ nas 
: 1 1 
=| optor tana tif Gr + ay dra4 +2 


In this example, the value of the two integrals is the same. This does not hold in 
general, as is shown in Example 6.10. 


EXAMPLE 6.10 Let us show that 
| Zdz= —mni, but | Zdz= — 4i, 
C (an 


where C, is the semicircular path from —1 to | and C> is the polygonal path from 
—1 to 1, respectively, that are shown in Figure 6.9. 


(a) The semicircular path. (b) The polygonal path. 


FIGURE 6.9 The two contours C, and C2 joining —1 to 1. 
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Solution The semicircle C; can be parameterized by 
Ci: 2) = ~cost+isint and dzo=(sint+icoshdt forOsrs7. 


Along C, we have f(z(t)) = —cos t — i sin t. Computing the value of the integral 
equation in (7), we obtain 


oa 
mal 
> 
I 


1 
[ (—cos tf — isin f\(sin tf + i cos f) dt 


ms 
-i [ (cos? t + sin? t) dt = —Ti. 


The polygonal path C2 must be parameterized in three parts, one for each line 
segment: 


z(t) = —1 + if, dz, = idt, fo) = -1- 11, 
at)= -1+2t+ 1, da = 2 dt. fle) = -1b + 2t- 7, 
a= 1+il—-—1), da= id, flat) =1—- i — 2), 

where all of the parameters ¢ are to be taken on the interval 0 < tf < 1. The value 


of the integral in equation (7) is obtained by adding the three integrals along the 
above three segments, and the result is 


1 ! 
[ (-1 — iti dt + i (-—1 + 2t- )2dt+ [ [1 — i — 2))(-71) dt. 
A straightforward calculation now shows that 
I 1 
[ zdz= [ (6t — 3) dt + if (—4) dt = —4i. 
C> Jo 0 
We remark that the value of the contour integral along C) is not the same as the 


value of the contour integral along C2, although both integrals have the same initial 
and terminal points. 


Contour integrals have properties that are similar to those of integrals of a 
complex function of a real variable, which were studied in Section 6.1. If C is given 
by equation (1), then the contour integral for the opposite contour —C is given by 


(13) a fle) dz ince —2'(=1)] dr. 


Using the change of variable tf = —7 in equation (13) and identity (7) of Section 
6.1, we obtain 


=|, f(z) dz. 


(14) a f(z) dz 


6.2 Contours and Contour Integrals 171 


If two functions f and g can be integrated over the same path of integration C, then 
their sum can be integrated over C, and we have the familiar result 


(15) : [f(z) + g(z)] dz = i f(@dz+ [. 2(z) dz. 


Constant multiples are dealt with in the same manner as in identity (6) in Section 
6.1: 


(16) [. (c + id)f(z) dz = (c + id) [ F(z) dz. 


If two contours C, and C2 are placed end to end so that the terminal point of C, 
coincides with the initial point of C2, then the contour C = C, + C2 is a continuation 
of C,, and we have the property 


(17) [nef dz = [70 dz + [10 dz, 


If the contour C has two parameterizations 

Ci z() = x) + ivi (t) fora <ts<b and 

C: 22(T) = x2(7) + iye(t) foras7 < B, 
and there exists a differentiable function t = 0(f) such that 
(18) a= O(a), B= o(b), and o'() >0 fora<t<b, 


then we say that z2(t) is a reparameterization of the contour C. If f is continuous 
on C, then we have 


b B 
(19) I Sles)e(0 dt = [ F(e2(t))2(4) at. 


Identity (19) shows that the value of a contour integral is invariant under a change 
in the parametric representation of its contour if the reparameterization satisfies 
equations (18). 

There are a few important inequalities relating to complex integrals, which 
we now state. 


Lemma 6.1 (Integral Triangle Inequality) /f f(t) = u(t) + iv(t) is a 
continuous function of the real parameter t, then 


b b 
(20) [ fO ar| < [ | f(t)| dt. 


Proof Write the value of the integral in polar form: 


b b 
(21) rete = | f)dt and r= ( e- of (t) df, 
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Taking the real part of the second integral in equations (21), we write 


b 
ro = | Re[e-f(n)] dt. 
Using equation (2) of Section 1.3, we obtain the relation 


Rele f(y] < fef(D| = | flo]. 


The left and right sides can be used as integrands, and then familiar results from 
calculus can be used to obtain 


b b 
r= | Re[e-f(t)] dt < | (2) | dt. 


Since 


h 
n= I f(t) a 


we have established inequality (20). 


Lemma 6.2 (ML Inequality) /ff(z) = u(x, y) + iv, y) is continuous on 
the contour C, then 


< ML, 


(22) I. f(z) dz 


where L is the length of the contour C and M is an upper bound for the 
modulus | f(z)| on C. 


Proof When inequality (20) is used with Theorem 6.1, we get 
b 
< J [fEOx'O| at. 


b 
(23) | i f(z) dz| = | I fa)z'(O dt 


Let M be the positive real constant such that 
| f(z)| <M for all z on C, 
Then equation (9) and inequality (23) imply that 


I. F(z) dz 


Therefore inequality (22) is proved. 


b 
< | M |<'(t)| dt = ML. 
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EXAMPLE 6.11 Let us use inequality (22) to show that 


i I 1 
z dz 
cz tl 


2/5" 
where C is the straight line segment from 2 to 2 + i. Here [22 + 1] = [z—i| x 
|< + i], and the terms |z — i| and |z + i| represent the distance from the point z 
to the points i and —/, respectively. We refer to Figure 6.10 and use a geometric 
argument to see that 


<s 


lz= i) 22 and 


z+i| = J/5 forzonc. 


FIGURE 6.10 The distances |z — /| and |z + /| for z on C. 


Here we have 


] 
| f(z), = | =M, 


St le et = 35 


and L = |, so inequality (22) implies that 


} 1 
dz : 
i e+ 2/5 


<ML= 


EXERCISES FOR SECTION 6.2 


1. Sketch the following curves. 
(a) 20) =P -1)+it+ 4) forl <r 3 
(b) z(4) = sint + i cos 2t for —n/2 <1 S 1/2 
(c) z(t) = 5 cost — 3 sint for n/2 <t < 20 
2. Give a parameterization of the contour C = C, + C> indicated in Figure 6.11. 
3. Give a parameterization of the contour C = C, + C2 + C; indicated in Figure 6.12. 
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x 
=) 1 I. .2 3 
FIGURE 6.11 Accompanies FIGURE 6.12 Accompanies 
Exercise 3. 


Exercise 2. 


4, Consider the integral |, z?dz, where C is the positively oriented upper semi-circle of 
radius 1, centered at 0. 
(a) Given a Riemann sum approximation for the above integral by selecting n = 4, and 
the following points: z, = e""4; c, = e248 for appropriate values of k. 
(b) Compute the integral exactly by selecting a parameterization for C and applying 
Theorem 6.1. 


1 
5. Show that the integral in Example 6.7 simplifies to exo(2 + @) ae 


6. Evaluate fc y dz for —i to i along the following contours as shown in Figures 6.13(a) 
and 6.13{b). 
(a) The polygonal] path C with vertices —i, -1 — i, ~{, andi. 
(b) The contour C that is the left half of the circle |z| = 1. 


(a) (b) 


FIGURE 6.13 Accompanies Exercise 6. 


7. Evaluate f¢-x dz from —4 to 4 along the following contours as shown in Figures 6.14(a) 
and 6.14(b). 
(a) The polygonal path C with vertices ~4, —4 + 47,4 + 4i, and 4. 
(b) The contour C that is the upper half of the circle |z| = 4. 


(a) {b) 


FIGURE 6.14 Accompanies Exercise 7. 


15. 


23. 


24, 


25. 


26. 


6.3 
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Evaluate J. < dz, where C is the circle |z| = 4 taken with the counterclockwise ori- 
entation. Hint: Let C: z(t) = 4 cost + i4sintfor0O <7 < 2m. 

Evaluate J,- ¥ dz, where C is the circle [2 = 4 taken with the counterclockwise orien- 
tation. 


Evaluate fc (z + 1) dz. where C given by C: c(t) = cost + isin t forO <7 < 1/2. 


. Evaluate fz dz, where C is the line segment from ito | and z(7) = t + (1 — fyi for 


O<srel., 


. Evaluate f(- 2° dz, where C is the line segment from | to 1 + j and z(t) = 1 + it for 


O<srst. 
Evaluate J. (a* — iv?) dz, where C is the upper semicircle C: z(t) = cos f + i sin t for 
Osten. 


5 


. Evaluate fc: [z>| dz, where C given by C: 2(f) =7 + @- forOs7s 1. 


Evaluate J<- |z — 1 F dz, where C is the upper half of the circle [z| = 1 taken with the 
counterclockwise orientation, 


. Evaluate f.-(1/z) dz, where C is the circle |z| = 2 taken with the clockwise orientation. 


Hint: C: 20) = 2 cost — i2sintforQ <1 S 27m. 

Evaluate J,-(1/Z) dz, where C is the circle fz = 2 taken with the clockwise orientation, 
Evaluate f¢ exp z dz, where C is the straight line segment joining | to 1 + ix. 

Show that f.. cos z dz = sin(] + #), where C is the polygonal path from 0 to 1 + i that 
consists of the line segments from 0 to | and J] to 1 + ¢. 


. Show that f;- exp z dz = exp(] + /) — 1, where C is the straight line segment joining 


Otol +i. 


. Evaluate f,.z exp z dz, where C is the square with vertices 0, 1, 1 + i, andi taken with 


the counterclockwise orientation. 


» Let z(t) = x2) + fv(t) fora < t S$ b be a smooth curve. Give a meaning for each of the 


following expressions. 
b b 
(a) z(t) (b) Jz] adr (c) | z'(t) dt (d) ’ |z'(2)| dt 


Let f be a continuous function on the circle |z — z| = R. Let the circle C have the 
parameterization C: 2(0) = z, + Re” for 0 < 6 s 2. Show that 


[10 dz = iR if Flay + Ree” dO. 


Use the results of Exercise 23 to show that 


(a) [ 
Je 


dz = 2mi and 
£u 


< 


] ; . 
(b) ers dz = 0, where n # | is an integer, 
C(z — Zo) 
where the contour C is the circle |z oa zu = R taken with the counterclockwise 
orientation, 


Explain how contour integrals studied in complex analysis and line integrals studied in 
calculus are different. How are they similar? 

Write a report on contour integrals. Include some of the more complicated techniques 
in your discussion. Resources include bibliographical items 5, 16, 81, 82, and 157. 


The Cauchy-Goursat Theorem 


The Cauchy-Goursat theorem states that within certain domains the integral of an 
analytic function over a simple closed contour is zero. An extension of this theorem 
will allow us to replace integrals over certain complicated contours with integrals 
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over contours that are easy to evaluate. We will show how to use the technique of 
partial fractions together with the Cauchy-Goursat theorem to evaluate certain in- 
tegrals. In Section 6.4 we will see that the Cauchy-Goursat theorem implies that an 
analytic function has an antiderivative. To start with, we need to introduce a few 
new concepts. 

We saw in Section 1.6 that with each simple closed contour C there are as- 
sociated two disjoint domains, each of which has C as its boundary. The contour C 
divides the plane into two domains. One domain is bounded and is called the interior 
of C, and the other domain is unbounded and is called the exterior of C. Figure 6.15 
illustrates this concept. This result is known as the Jordan Curve Theorem. 


y bf 
Interior Cc Interior 


Exterior 
x 


FIGURE 6.15 The interior and exterior of simple closed contours. 


In Section 1.6 we saw that a domain D is an open connected set. In particular, 
if z; and z, are any pair of points in D, then they can be joined by a curve that lies 
entirely in D. A domain D is said to be simply connected if it has the property that 
any simple closed contour C contained in D has its interior contained in D. In other 
words, there are no ‘‘holes’’ in a simply connected domain. A domain that is not 
simply connected is said to be a multiply connected domain. Figure 6.16 illustrates 
the use of the terms ‘‘simply connected’’ and ‘‘multiply connected.”’ 


(b) A simply connected domain. 


y 
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Let the simple closed contour C have the parameterization C: <(f) = x(f) + 
iv(t) fora <1 s b. If Cis parameterized so that the interior of C is kept on the left 
as z(t) moves around C, then we say that C is oriented in the positive (counterclock- 
wise) sense, otherwise, C is oriented negatively. If C is positively oriented, then 
—C is negatively oriented. Figure 6.17 iJlustrates the concept of positive and neg- 
ative orientation. 


(a) A positively oriented contour. (b) A negatively oricnted contour. 


FIGURE 6.17 Simple closed contours that are positively and negatively oriented. 


An important result from the calculus of real variables is known as Green’s 
theorem and is concerned with the line integral of real-valued functions. 


Theorem 6.2 (Green’s Theorem) Let C be a simple closed contour with 
positive orientation, and let R be the domain that forms the interior of C. If P 
and Q are continuous and have continuous partial derivatives P,, P,, Q,, and 
Q, at all points on C and R, then 


() i P(x, y) dx + Q(x, y) dy = | | [(O.C, y) — Py, y)] dx dy. 


R 


Proof for a Standard Region* If & is a standard region, then there exist 
functions y = g\(x) and v = g2(x) fora S x S b whose graphs form the lower and 
upper portions of C, respectively, as indicated in Figure 6.18. Since C is to be given 
the positive (counterclockwise) orientation, these functions can be used to express 
C as the sum of two contours C, and C; where 


Cy: a(t) = t + ig(d) forastsb and 
Cz: 22(t) = —t + igol-D for -b <tr -a. 


We now use the functions g\(x) and go(x) to express the double integral of 
—P,(x, y) over K as an iterated integral, first with respect to vy and second with 


respect to x, as follows: 
coinage 
{ P(x, y) «| dx. 


b 
R ; a ayy) 


*A standard region is bounded by a contour C, which can be expressed in the two forms C = C, + C2 
and C = C, + Cy that are used in the proof. 
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vsRyle) 


FIGURE 6.18 = Integration over a standard region where C = Cy) + Co. 


Computing the first iterated integral on the right side of equation (2), we obtain 
h h 
(3) -{ few: vy) dy dy = | P(x, 2y(x)) dy — i P(x, g2(4)) dv. 
R 


In the second integral on the right side of equation (3) we can use the change of 
variable x = —f and manipulate the integral] to obtain 


" h Pe 
(4) -| | Pu. y) dx dy = { P(x, g(x) dx + | ; P(-t, g-—))\(— 1) dt. 


“y 


When the two integrals on the right side of equation (4) are interpreted as contour 
integrals along C, and C2, respectively, we see thal 


(5) ~ | i P\Qy, vy) dx dy = if P(x, v) de + I. Py vy) dx = I. P(x, v) dx. 
R | e 


To complete the proof, we rely on the fact that for a standard region, there 
exist functions x = A,(y) and x = h2(y) for c S v < d whose graphs form the left 
and right portions of C, respectively, as indicated in Figure 6.19. Since C has the 
positive orientation, it can be expressed us the sum of two contours C; and Cy, where 


Cra) =Ayi-n — it for -dsts—c and 
Cy: r4(t) = f(t) + it force sted. 


FIGURE 6.19 Integration over a standard region where C = C3 + Cs. 
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Using the functions /;(y) and ho(y¥), we express the double integral of 
Q(x, y) over R as an iterated integral: 


a hry) 
(6) | Jo. (x, y) dx dy = [ ps OG, y) ax| dy. 

R ¢ nly) 
A similar derivation will show that equation (6) is equivalent to 


(7) | | Q.(, y) dx dy = [ P Q(x, y) dy. 
R 


When equations (5) and (7) are added, the result is equation (1), and the proof is 
complete. 


We are now ready to state our main result in this section. 


Theorem 6.3 (Cauchy-Goursat Theorem) Let f be analytic in a simply 
connected domain D. If C is a simple closed contour that lies in D, then 


(8) 3 f(z) dz = 0. 


Proof If we add the additional hypothesis that the derivative f'(z) is also contin- 
uous, the proof is more intuitive. It was Augustin Cauchy who first proved this 
theorem under the hypothesis that f’(z) is continuous. His proof, which we will now 
state, used Green’s theorem. 


Proof Using Green’s Theorem We assume that C is oriented in the 
positive sense and use equation (12) in Section 6.2 to write 


(9) [tarde = | was—vay+if var tua 


If we use Green’s theorem on the real part of the right side of equation (9) with 
P =u and Q = —v, then we obtain 


(10) I. udx —vdy = [Jr — u,) dx dy, 
R 


where RF is the region that is the interior of C. If we use Green’s theorem on the 
imaginary part, the result will be 


(11) I. vdx +udy = [ fo. — v,) dx dy. 
R 
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The Cauchy-Riemann equations u, = v, and wu, = —v, can be used in equations (10) 
and (11) to see that the value of equation (9) is given by 


[roa =| foaa+i{ foaa =o, 
R R 


and the proof is complete. 


A proof that does not require the continuity of f’(z) was devised by Edward 
Goursat (1858-1936) in 1883. 


Goursat’s Proof of Theorem 6.3 We first establish the result for a 
triangular contour C with positive orientation. Construct four positively oriented 
contours C!, C*, C%, and C* that are the triangles obtained by joining the midpoints 
of the sides of C as shown in Figure 6.20. 


FIGURE 6.20 The triangular contours C and C!, C?,. C3. C74, 


Since each contour is positively oriented, if we sum the integrals along the 
four triangular contours, then the integrals along the segments interior to C cancel 
out in pairs. The result is 


4 
(12) I. faz => iP fle) dz. 
¢ ka] YC 

Let C; be selected from C', C*, C?, and C* so that the following relation holds true: 
4 
=> 
k=\ 
We can proceed inductively and carry out a similar subdivision process to obtain a 


sequence of triangular contours {C,,}, where the interior of C,,.; lies in the interior 
of C,, and the following inequality holds: 


<4 eo dz 


(13) Mf. f(z) dz is f(z) dz 


(14) lf. Sz) a, < al[. f(z) a, forn=1,2,.... 
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Let T,, denote the closed region that consists of C,, and its interior. Since the length 
of the sides of C,, go to zero as n — o, there exists a unique point zo that belongs 
to all of the closed triangular regions T,,. Since f is analytic at the point zo, there 
exists a function H(z) with 


(15) f(z) = flzo) + f’(zo)(z ~ zo) + N(ZMZ = 2). 
Using equation (15) and integrating f along C,,, we find that 


(16) ec dz = [7 dz + [Peon — 2) dz 
+ i NZMZ — Zo) dz 
= [ fo) — f'(z0)z0] fe ldz + f'(z) I. z dz 
+ [ “. N(z\z — 2) dz 
= i = NlzM(z — 2) dz. 


If € > 0 is given, then a 8 > 0 can be found such that 
€ 
(17) lz — x | <6 implies that In(z)| < 7 


where L is the length of the original contour C. An integer n can now be chosen so 
that C,, lies in the neighborhood [z = zo| < 6, as shown in Figure 6.21. 


FIGURE 6.21 The contour C, that lies in the neighborhood |z — zo| < 6. 


Since the distance between a point z on a triangle and a point Zo interior to the 
triangle is no greater than half the perimeter of the triangle, it follows that 


(18) |z a zo | <+4L, for all zon C,, 


where L,, is the length of the triangle C,,. From the preceding construction process, 
it follows that 


(19) Lr, = (FL and |[z—- z| <()"'L forzonC,,. 
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We can use equations (14), (17), and (19) of this section and equation (23) of Section 
6.2 to obtain the following estimate: 


I. f(z) a, s< 4" fs nileales — zo) || dz| 


€ ] n+) 
< a{ = i= L| dz 
c, L? \2 


Qn-le 
ae Gs | dz | 


Since € was arbitrary, it follows that equation (12) holds true for the triangular 
contour C, If C is a polygonal contour, then interior edges can be added until the 
interior is subdivided into a finite number of triangles. The integral around each 
triangle is zero, and the sum of all these integrals is equal to the integral around the 
polygonal contour C. Therefore equation (12) holds true for polygonal contours. 
The proof for an arbitrary simple closed contour is established by approximating 
the contour ‘‘sutficiently close’” with a polygonal contour. 


EXAMPLE 6.12 Let us recall that exp z, cos z, and z", where n is a positive 
integer are all entire functions and have continuous derivatives. The Cauchy-Goursat 
theorem implies that for any simple closed contour we have 


[oexpede = 0. [cos : z= 0, [ ea: =0. 
c c c 


EXAMPLE 6.13 If Cis a simple closed contour such that the origin does not 
lie interior to C, then there is a simply connected domain D that contains C in which 
f(z) = I/s" is analytic, as is indicated in Figure 6.22. The Cauchy-Goursat theorem 
implies that 


ee dz = 0 provided that the origin does not lie interior to C. 


FIGURE 6.22 A simple connected domain D containing the simple closed 
contour C’ that does not contain the origin. 
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It is desirable to be able to replace integrals over certain complicated contours 
with integrals that are easy to evaluate. If C, is a simple closed contour that can be 
continuously deformed into another simple closed contour C2 without passing 
through a point where f is not analytic, then the value of the contour integral of f 
over C; is the same as the value of the integral of f over C2. To be precise, we state 
the following result. 


Theorem 6.4 (Deformation of Contour) Let C, and C2 be two simple 
closed positively oriented contours such that C, lies interior to Cp. If f is 
analytic in a domain D that contains both C, and C2 and the region between 
them, as shown in Figure 6.23, then 


i f(z) dz = [0 dz. 


FIGURE 6.23 The domain D that contains the simple closed contours C, and C2 
and the region between them. 


Proof Assume that both C; and C> have positive (counterclockwise) ori- 
entation. We construct two disjoint contours or cuts L; and L» that join C, to Co. 
Hence the contour C, will be cut into two contours C; and C}’, and the contour C> 
will be cut into C3 and C3’. We now form two new contours: 


K)=-C,+L,+C,-L2 and Ky = —-CY+13+ C7 -L, 


which are shown in Figure 6.24. The function f will be analytic on a simply con- 
nected domain D, that contains K,, and f will be analytic on the simply connected 
domain D,; that contains K2, as is illustrated in Figure 6.24. 
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(a) The contour K, and domain D,. (b) The contour K, and domain D,. 


FIGURE 6.24 The cuts L,; and L2 and the contours K, and K>2 used to prove the 
Deformation Theorem. 


The Cauchy-Goursat theorem can be applied to the contours K, and K>2, and 
the result is 


(20) i‘ f(z) dz =0 and [40 dz = 0. 


Adding contours, we observe that 
(21) Kj) +K>=-C)+L,+C,-L1:-Cy+1.+ Cy - bh 
=C,+Cy -C)-cy=a-C. 
We can use identities (14) and (17) of Section 6.2 and equations (20) and (21) given 


in this section to conclude that 


[0 dz — iF f(z) dz = ie f(z) dz + i: fl dz = 0, 


which completes the proof of Theorem 6.4. 


We now state an important result that is proven by the deformation theorem. 
This result will occur several times in the theory to be developed and is an important 
tool for computations. 


EXAMPLE 6.14 Let z denote a fixed complex value. If C is a simple closed 
contour with positive orientation such that Zo lies interior to C, then 

dz 
(22) %C2— Zo 


=2ni and 


dz : : 
b ———— = 0. where n # 1 is an integer. 
C(Z — Zy 
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Solution Since Zp lies interior to C, we can choose R so that the circle Cy, 
with center zp and radius A lies interior to C. Hence f(z) = 1/(z — Zo)" is analytic in 
a domain D that contains both C and C, and the region between them, as shown in 
Figure 6.25. Let Cy have the parameterization 


Cr: (9) = 2% + Re® and dz=iRe®d@ for0 < 6 < 2n. 


FIGURE 6.25 The domain D that contains both C and Cp. 


The deformation theorem implies that the integral of f over Cy has the same value 
as the integral of f over C, and we obtain 


dz dz 2n 5 Rei? 2n 
i =| = [Re ei d0 = 2ni 
Cc Cx 0 


LZ 2-% Jo Re® 
and 
a 7 2a 7 i@ 2n 
[ a = i _ ae = [ i Re d0 = int | eill-m® dQ 
Cc (Zz a Zpy" Cr Zz poem Zo)" {) R'eine fo) 

l-n @=2n l-n l-na 
gg Ry cage RO REE oe 

l-n»7n #=0 l-n7n l-n 


The deformation theorem is an extension of the Cauchy-Goursat theorem to a 
doubly connected domain in the following sense. Let D be a domain that contains 
C, and C; and the region between them, as shown in Figure 6.25. Then the contour 
C = C; — C, is a parameterization of the boundary of the region R that lies between 
C, and C2 so that the points of R lie to the left of C as a point z(t) moves around C. 
Hence C is a positive orientation of the boundary of R, and Theorem 6.4 implies 
that 


[#0 dz = 0, 


We can extend Theorem 6.4 to multiply connected domains with more than one 
‘‘hole.’’ The proof, which is left for the reader, involves the introduction of several 
cuts and is similar to the proof of Theorem 6.4. 
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Theorem 6.5 (Extended Cauchy-Goursat Theorem) 

Let C,C), Co... . , C, be simple closed positively oriented contours with the 
property that C, lies interior to C fork = 1,2,...,n, and the set interior 
to Cy has no points in common with the set interior to C; if k # j. Let f be 
analytic on a domain D that contains all the contours and the region between 
Cand C, + Co +--+4+ C,, which is shown in Figure 6.26. Then 


(23) I. f(2) dz = >> FO de. 


FIGURE 6.26 The multiply connected domain D and the contours C and 
C,, Cy,. . . , C, in the statement of the Extended Cauchy-Goursat Theorem. 


EXAMPLE 6.15 if C is the circle jz| = 2 taken with positive orientation, 
then 


Solution Using partial fractions, the integral in equation (24) can be written 
as 


(25) 22 dz - | ad, dz 
c2+4+2 cz+if2 z-i/2 


Since the points z = + i./2 lie interior to C, Example 6.14 implies that 


dz : 
(26) I a 2m. 


Sghiy 


The results in (26) can be used in (25) to conclude that 


2z dz 
cz4+2 


= 2ni + 2ni = 400. 
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EXAMPLE 6.16 if Cisthe circle |z — i] = 1 taken with positive orientation, 
then 


(27) | 2z dz 29h 
Perea i. 


Solution Using partial fractions, the integral in equation (27) can be written 
as 


an [ 2z dz - | dz +| dz 
ai c2t2- cz+iv2 ae ae ee 


In this case, only the point z = i\/2 lies interior to C, so the second integral on the 
right side of equation (28) has the value 2ni. The function f(z) = I/(z + i/2) is 
analytic on a simply connected domain that contains C. Hence by the Cauchy- 
Goursat theorem the first integral on the right side of equation (28) is zero (see 
Figure 6.27). Therefore 


2z dz 
ee = 0 + 2ni = 21. 
cz2 +2 


i 
—ive2 


FIGURE 6.27 The circle jz - i| = 1 and the points z = +i/2. 


EXAMPLE 6.17 Show that 


S28 
RE ~ dz = —6ni 


ie, Cae 
“ 


where C is the ‘‘figure eight’’ contour shown in Figure 6.28(a). 


(a) The figure eight contour C. (b) The contours C, and C,. 


FIGURE 6.28 The contour C = C, + Co. 
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Solution Partial fractions can be used to express the integral as 


z-2 1 ] 
(29) | = dz= 2 | ‘e-| dz, 
Cz -z Cz cz- 1 


Using the Cauchy-Goursat theorem and property (14) of Section 6.2 together with 
Example 6.13, we compute the value of the first integral on the right side of equation 


(29): 
1 
2 | Mata]. nae 
Clz C2 z 


1 
—2 | _ ~dz+ 0 = —2(2ni) = —4ni. 
Cz 


a 


H 


1 
(30) 2{ —dz 
Cz 


In a similar fashion we find that 


Iz dz, dz 
(31) a = -| ‘ a —* = 0 - 2ni = 2h. 
cz—-] cz-) Oz-] 


< 


The results of equations (30) and (31) can be used in equation (29) to conclude that 


v2 


z-2 
ee > ~ dz = —4ni — 2ni = —O6mi. 


EXERCISES FOR SECTION 6.3 


1, Determine the domain of analyticity for the following functions, and conclude that 


Sc f(z) dz = 0, where C is the circle |z| = 1 with positive orientation. 
; 1 
(@) f= =>5 WIS sro 5 
(c) f(z) = tan z (d) f(z) = Logtz + 5) 
2. Show that fc z~' dz = 2ni, where C is the square with vertices 1 + i, - 1 + i with 


positive orientation. 

3. Show that fc (427 — 4z + 5)'' dz = 0, where C is the unit circle |z| = 1 with positive 
orientation. 

4, Find fc (z? — z)~! dz for the following contours. 


(a) The circle Jz — 1| = 2 with positive orientation. 
(b) The circle aa = = + with positive orientation. 
5. Find J, (2z — I)(z? — z)~! dz for the following contours. 


(a) The circle | 


2 
z| = 7 with positive orientation. 
(b) The circle lz| 


= + with positive orientation. 


6. Evaluate fe (2? — z) |! oo where C is the figure eight contour shown in Figure 6.28(a). 
7. Evaluate fc (2z — 1)(z? — z) ' dz. where C is the figure eight contour shown in Figure 
6.28(a). 
8. Evaluate fc (42? + 4z — 3)-' dz = fc (2z — 1)7!(2z + 3)! dz for the following contours. 
(a) The circle |z| = 1 with positive orientation. 
(b) The circle |z + >| = ] with positive orientation. 
{c) The circle |z| = 3 with positive orientation. 


9. Evaluate fc (z* — 1)-' dz for the contours given in Figure 6.29. 
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(a) {b) 


FIGURE 6.29 Accompanies Exercise 9. 


10. Let C be the triangle with vertice 0, 1, and / with positive orientation. Parameterize C 
and show that 


[.1de=0 and [ca =o. 
c ¢ 


11. Let the circle |z| = 1 be given the parameterization 
C: 2) =cost+isint for-t<t<sn7. 


Use the principal branch of the square root function: 


pace Oe As vey . 
V2 = rl’cos 5 + ir'?sin for-~< O52 


“ 


x 


wia 


and find f;- z!” dz. 
12. Evaluate f,- |z exp z dz, where C is the unit circle |z| = | with positive orientation. 
13. Let f(z) = u(r, 8) + iv(r, 6) be analytic for all values of z = re. Show that 


5: 


[ [u(r, 8) cos @ — v(r, 8) sin @] dO = 0. 


Hint: Integrate f around the circle |z| = 1. 

14. Show by using Green’s theorem that the area enclosed by a simple closed contour C is 
a Jee dy — y dx, 

15. Compare the various methods for evaluating contour integrals. What are the limitations 
of each method? 
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Let f be analytic in the simply connected domain D. The theorems in this section 
show that an antiderivative F can be constructed by contour integration. A conse- 
quence will be the fact that in a simply connected domain, the integral of an analytic 
function f along any contour joining z, to z2 is the same, and its value is given by 
F(z2) — F(z,). Hence we will] be able to use the antiderivative formulas from calculus 
to compute the value of definite integrals. 


Theorem 6.6 (indefinite Integrals or Antiderivatives) Let f be ana- 
lytic in the simply connected domain D. If zo is a fixed value in D and if C is 
any contour in D with initial point zo and terminal point z, then the function 
given by 
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 Fa=|] poa= |] pea 
is analytic in D and 
(2) F(z) = f(z). 


Proof We first establish that the integral is independent of the path of integration. 
Hence we will need to keep track only of the endpoints, and we can use the notation 


[.s@ ae = [ pe ae 


Let C, and C2 be two contours in D, both with the initial point zo and the 
terminal point z, as shown in Figure 6.30. Then C = C, — C2 is a simple closed 
contour, and the Cauchy-Goursat theorem implies that 


ip fib) dé [_7@ dé = [8 dé = 0. 


Therefore the contour integral in equation (1) is independent of path. Here we have 
taken the liberty of drawing contours that intersect only at the endpoints. A slight 
modification of the foregoing proof will show that a finite number of other points 
of intersection are permitted. 


FIGURE 6.30 The contours C; and C2 joining Zp to z. 


We now show that F’(z) = f(z). Let z be held fixed, and Jet Az be chosen smal] 
enough so that the point z + Az also lies in the domain D. Since z is held fixed, 
f(z) = K where K is a constant, and equation (12) of Section 6.1 implies that 


@) [ “flat = | Rede = Kz = fle) de 


Using the additive property of contours and the definition of F given in equation 
(1), it follows that 


@) Feta Fo=| Od | feat 


2 1 f(® dé - [© dt = I FG) ak, 
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where the contour C is the straight line segment joining z to z + Az and C, and C; 
join Zp to z and zy to z + Az, respectively, as shown in Figure 6.31. 


¥ 


FIGURE 6.31 The contours C, and C; and the line segment C = —C, + C2. 


Since f is continuous at z, then if € > 0, there is a 5 > O so that 
(5) | f(é) — flz)| < © whenever |£ — z| < 6. 


If we require that |Az| < 6, then using equations (3) and (4), inequality (5), and 
inequality (22) of Section 6.2, we obtain the following estimate: 


F(z + Az) — F(z I 
I 
= hq Jee — fiz) | a | 
| 


< — e€|Az] =€. 
|Az| |Az| 


Consequently, the left side of equation (6) tends to 0 as Az —> 0; that is, F’(z) = 
f(z), and the theorem is proven. 


It is important to notice that the line integral of an analytic function is inde- 
pendent of path. An easy calculation shows 


[ zd = [ zdz=4+ 2i, 
C ran 


where C, and C2 were contours joining —1 — i to 3 + ¢. Since the integrand 
f(z) = z is an analytic function, Theorem 6.6 implies that the value of the two 
integrals is the same; hence one calculation would suffice. 

If we set z = z, in Theorem 6.6, then we obtain the following familiar result 
for evaluating a definite integral of an analytic function. 
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Theorem 6.7 (Definite Integrals) Let f be analytic in a simply connected 
domain D. If z and z, are two points in D, then 


=] 
(7) I f(2) dz = F(z) — Fo) 
ay 
where F is any antiderivative of f. 


Proof If F is chosen to be the function in equation (1), then equation (7) 
holds true. lf G is any other antiderivative of f, then H(z) = G(z) — F(z) is analytic, 
and H'(z) = 0 for all points z in D. Hence H(z) = K where K is a constant, and 
G(z) = F(z) + K. Therefore G(z)) — G(zo) = F(z,) — F(z), and Theorem 6.7 is 
proven. 


Theorem 6.7 is an important method for evaluating definite integrals when the 
integrand is an analytic function. In essence, it permits us to use all the rules of 
integration that were introduced in calculus. For analytic integrands, application of 
Theorem 6.7 is easier to use than the method of parameterization of a contour. 


EXAMPLE 6.18 Show that fi cos z dz = —sin 1 + i sinh 1. 
Solution An antiderivative of f(z) = cos z is F(z) = sin z. Hence 


i 
[cos zz = sini - sin 1 = —sin 1 + i sinh 1. 


EXAMPLE 6.19 Evaluate (2 + ) iF erent dy. 


Solution In Example 6.7, we broke the integrand up into its real and imag- 
inary parts, which then required integration by parts. Using Theorem 6.7, however, 
we see that 


in\ f} in\ f! 
+— s2t pins — + — I ot(2 + inf) 
(2 * ik ee (2 ) c e dt | 


1 
im |et(2+inas 
bees 
4 0 


| 
Pe 

N 

ats 

£/5 
See 
, 

N 


= e(2tia) a ef 
= el2) in/4) — |. 
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EXAMPLE 6.20 Show that 


he dz je ce 
= l, 


l/2 
dis “Deh 


where z!” is the principal branch of the square root function and the integral is to 
be taken along the line segment joining 4 to 8 + 61. 


Solution Example 3.8 showed that if F(z) = z!/2, then F’(z) = 1/(2z!/), 
where the principal branch of the square root function is used in both the formulas 
for F and F’. Hence 


8+ 61 dz 
[ sip BF SNP APSF I- PEL +e 


EXAMPLE 6.21 Let D = {z = re’: r > O and —n < @ < m) be the simply 
connected domain shown in Figure 6.32. Then F(z) = Log z is analytic in D, and 
its derivative is F’(z) = 1/z. If C is a contour in D that joins the point z, to the point 
z2, then Theorem 6.7 implies that 

2 dz dz 


— = | — = Log z. — Log 2). 
uy C Zz 


(a) The path C joining zy and zy. (b) The path that is a portion 
of the unit circle lz/= 1. 


FIGURE 6.32 The simply connected domain D in Examples 6.21 and 6.22. 


EXAMPLE 6.22 Asa consequence of Example 6.21, let us show that 


dz ; ae 
_— = 2ni, where C is the unit circle |z] = 1, 
Creag 


taken with positive orientation. 
Solution If we let z2 approach —1 through the upper half plane and z, 


approaches — | through the lower half plane, then we can integrate around the por- 
tion of the circle shown in Figure 6.32(b) and take limits to obtain 
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dz z . ; 
| —= lim —-= Jim Logz—- lim Log z, 
Cz seed Fa sal ry] 
327-1] Iin(zo) > D Tints 0 


im — (—inm) = 201. 


EXERCISES FOR SECTION 6.4 


For Exercises 1-14, use antiderivatives to find the value of the definite integral. 


243 Py+ Zz inf? 

1. | z dz 2. f dz (use Log z) 3. [ exp z dz 
l4d < 2 
Veil Vai n 2 _ 

4] (2427 d& 5. | cos z dz 6. i sin 5 dz 
2+ni 1427 i 

7. i vinrn & EXP Z dz 8. i 5, © eXplz”) dz 9. [ zcos 2 dz 
é : bee ea dz 

10. i sin? z dz 11. Log z dz 12. [ . 
0 ] 2 Smee 
249, — | aed Zz - yh 

13. i — az 14, [ tile 


taal aj a a & 4 
15. Show that SE 1 dz = z2 ~ z by parameterizing the line segment from z, to zp. 
16. Let z, and z: be points in the right half plane. Show that 


17. Find 


344 dz 
z 
9 QzV2" 


where z!”? is the principal branch of the square root function and the integral is to be 
taken along the line segment from 9 to 3 + 47. 

18, Find {",, z'" dz, where z'”” is the principal branch of the square root function and the 
integral is to be taken along the right half of the circle |z| = 2. 

19. Using the equation 


f ¢ | ¢@ 1 


show that if z lies in the right half plane, then 


z dé 7 . ; 
{ e+] = arctan z = = Log(z + 1) 5 Log(z — /). 


Nmi~ 


20. Let f’ and g’ be analytic for all z. Show that 


i ~ flzie'(z) de = flzadelz2) — flegler) — [ " f'(@g(z) dz. 


21. Compare the various methods for evaluating contour integrals. What are the limitations 
of each method? 

22, Explain how the fundamental theorem of calculus studied in complex analysis and the 
fundamental theorem of calculus studied in calculus are different. How are they similar? 
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6.5 Integral Representations for Analytic Functions 


We now present some major results in the theory of functions of a complex variable. 
The first result is known as Cauchy’s integral formula and shows that the value of 
an analytic function f can be represented by a certain contour integral, The ath 
derivative, f(z), will have a similar representation. In Chapter 7 we will show how 
the Cauchy integral formulae are used to prove Taylor’s theorem, and we will es- 
tablish the power series representation for analytic functions. The Cauchy integral 
formulae will also be a convenient tool for evaluating certain contour integrals. 


Theorem 6.8 (Cauchy’s Integral Formula) Ler f be analytic in the 
simply connected domain D, and let C be a simple closed positi vely oriented 
contour that lies in D. If zp is a point that lies interior to C, then 


; | (<) 
(1) flo) -s]. oe 


< 


Proof Since fis continuous at zp, if € > 0 is given, there is a 6 > O such 


that 
(2) | f(z) — flzo)| < whenever | z — zo| <6. 
Also the circle Cy: |z — zo] = +6 lies interior to C as shown in Figure 6.33. 


FIGURE 6.33 The contours C and Cy in the proof of Cauchy's integral formula. 


Since f(zo) 1s a fixed value, we can use the result of Exercise 24 of Section 6.2 to 
conclude that 

(z dz l z 
Gy Foye | Set fee 


2ni JOy = — Zp 2m ICV = — Zy 
Using the deformation theorem we see that 


BRON en Nai, FO 


; i ae ie dz. 
2QniJcoz— zy 2ni Jo 2 — ZB 


(4) 
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Using inequality (2), equations (3) and (4), and inequality (22) of Section 6.2, we 
obtain the following estimate: 


I foe is] + | f(z) dz 7 fy. F(Z) dz 
©) st Z- 2x ~ f@0)| = em CoZ — ZH 2ni Co Z — Zo 
| f(z) — flzo) | 
~ On Icy |z — zo| | c| 


Jone 
~ Dn (1/298 


oO = €. 


Since € can be made arbitrarily small, the theorem is proven. 


EXAMPLE 6.23 Show that 


[ a dz = i2te, 


where C is the circle |z| = 2 with positive orientation. 


Solution Here we have f(z) = exp z and f(1) = e. The point z = 1 lies 
interior to C, so Cauchy’s integral formula implies that 


and multiplication by 277 will establish the desired result. 


EXAMPLE 6.24 Show that 


i sin z ae /2ni 
ca4z+n ~ 4 ° 
where C is the circle |z| = 1 with positive orientation. 


Solution Here we have f(z) = sin z. We can manipulate the integral and 
use Cauchy’s integral formula to obtain 


in Z 1 in z 1 z 
[ sin dc =+| sin a= f(2) z 
c4o +7 4Jcz+ (n/4) 4Jcoz—- (-7/4) 


We now state a general result that shows how differentiation under the integral 
sign can be accomplished. The proof can be found in some advanced texts. See, for 
instance, Rolf Nevanlinna and V. Paatero, Introduction to Complex Analysis 
(Reading, Massachusetts: Addison-Wesley Publishing Company, 1969), Section 
9.7. 
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Theorem 6.9 (Leibniz’s Rule) Let D be a simply connected domain, and 
let lia sts b be an interval of real numbers. Let f(z, t) and its partial 
derivative f(z, t) with respect to z be continuous functions for all z in D and 
allt in I. Then 

b 


(6) Fa=| finat 


is analytic for z in D, and 


b 
F'(z) = [ FAZ, 0) dt. 


We now show how Theorem 6.8 can be generalized to give an integral rep- 
resentation for the nth derivative, f'"(z). Leibniz’s rule will be used in the proof, 
and we shall see that this method of proof will be a mnemonic device for remem- 
bering how the denominator is written. 


Theorem 6.10 (Cauchy’s Integral Formulae for Derivatives) Lert f 
be analytic in the simply connected domain D, and let C be a simple closed 
positively oriented contour that lies in D. If z is a point that lies interior to C, 
then 


a f_f® 


Mir) = 
Oi 902. eae 


Proof We wiill establish the theorem for the case n = 1. We start by using 
the parameterization 


C:&€=&*) and dé=E'(Ndt forastsb. 
We use Theorem 6.8 and write 


1 f f® , 1 (EM EWA 
Ie me a= 


2ni 


(8) f(z) QniJa E(t) ~ z 


The integrand on the right side of equation (8) can be considered as a function 
f(z, 0) of the two variables z and t, where 


FEMME FEM)E' (OD) 
= d fz.) =———. 
ae Re eee 
Using equations (9) and Leibniz’s rule, we see that f’(z) is given by 


f= t. » F(E())E' (0) at eS 1 | f@4é 
“Oni da (EQ) — 22 Ami IC (E — 2)?” 


(9) fla 9 


and the proof for the case n = 1 is complete. We can apply the same argument to 
the analytic function f’ and show that its derivative f” has representation (7) with 
n = 2. The principle of mathematical induction will establish the theorem for any 
value of n. 
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EXAMPLE 6.25 Let zw denote a fixed complex value. If C is a simple closed 
positively oriented contour such that zp lies interior to C, then 


dz dz 
(10) [ — =2ni and i ae A 
Cz - BH C(zZ — Zp)" 


where n = | is a positive integer. 


Solution Here we have f(z) = | and the nth derivative is f(z) = 0. The- 
orem 6.8 implies that the value of the first integral in equations (10) is given by 


dz 
i —— = 2nif(z) = 2ni, 
CZ — % 
and Theorem 6.10 can be used to conclude that 


dz 2m 
= i 7,) = 
iL as F(Z) = 0. 


(z aes} Zo)" +1 


We remark that this is the same result that was proven earlier in Example 6.14. It 
should be obvious that the technique of using Theorems 6.8 and 6.10 is easier. 


EXAMPLE 6.26 Show that 
expz? , —4n 
ear 


(z — it - 3e ° 


where C is the circle |z| = 2 with positive orientation. 


Solution Here we have f(z) = exp 2’, and a straightforward calculation 
shows that f(z) = (12z + 8z*) exp z*. Using Cauchy’s integral formulae with 
n = 3, we conclude that 

| exp 22 2ni 2ni4i = —4n 

Cc 


dz = — {947 = —-— = : 
( — i ge re ee 


EXAMPLE 6.27 Show that 
[ exp(inz) dz 2n 
C 


22 -52+2 3° 


where C is the circle [z| = 1 with positive orientation. 
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Solution By factoring the denominator we obtain 2z7 — 5z + 2 = 
(22 — 1)(z ~ 2). Only the root z) = 4 lies interior to C. Now we set f(z) = 
[exp(itz)J/(z — 2) and use Theorem 6.8 to conclude that 


I. _exp(inz) dz_ a) Se) de 
c c 


ap RUE) 
32-5242 (2nif(z) = ni ————— 


\ 
z-(/2) 2 M GD 


2 a 


We now state two important corollaries to Theorem 6.10. 


Corollary 6.1 /f f is analytic in the domain D, then all derivatives f', f", 
ff... . exist and are analytic in D. 


Proof For each point zo in D, there exists a closed disk |z — co| < R that 
is contained in D. The circle C: |z — cy | = R can be used in Theorem 6.10 to show 
that f'’""(zp) exists for all n. 

This result is interesting, since the definition of analytic function means that 
the derivative f’ exists at all points in D. Here we find something more, that the 
derivatives of all orders exist! 


Corollary 6.2 [fu is a harmonic function at each point (x, y) in the domain 
D, then all partial derivatives uy. Uy. Uyy, Uy, aNd Uy, exist and are harmonic 
functions. 


Proof For each point (x, yo) in D there exists a closed disk |z — 20| SR 
that is contained in D. A conjugate harmonic function v exists in this disk, so the 
function f(z) = uw + iv is an analytic function. We use the Cauchy-Riemann equa- 
tions and see that f’(c) = u, + iv, = vy — iuy. Since f’ is analytic, the functions u, 
and u, are harmonic. Again, we can use the Cauchy-Riemann equations to see that 


Lz )= Uy + Ver = Vy 7 iy, = Thy 7 Vy. 


Since f” is analytic, the functions #,,. 4#,,, and u,, are harmonic. 


EXERCISES FOR SECTION 6.5 


For Exercises 1-15, assume that the contour C has positive orientation. 


1. Find fc (exp z + cos z)z~! dz, where C is the circle |z] = 1. 

2. Find fe (2 + 1)-'\(z — 1)-! dz, where C is the circle |z — 1 

3. Find fe (z + 1) '(¢ — 1)-? dz, where C is the circle oe 1| =1 
4 = 


. Find fe tz* — 1)°! dz, where C is the circle |z ~ 1| 


200 Chapter6 Complex Integration 


Find f¢- (z cos z)~' dz, where C is the circle [z| = 1, 
Find f¢z-+ sin z dz, where C is the circle |z] = 1. 
Find fc z7* sinh(z?) dz, where C is the circle [z| = 1. 
Find fc z-° sin z dz along the following contours: 
(a) The circle [z — (R/2)| = 1. (b) The circle |z — (w/4)| = 1. 
9. Find fc <7” exp z dz, where C is the circle |z{ = 1 and is a positive integer. 
10. Find fc z-7(c* ~ 16)-' exp z dz along the following contours: 
(a) The circle |z| = 1. (b) The circle |z — 4] = 1. 
11. Find Je (21 + 4)"! dz, where C is the circle |z — 1 —i| = 1. 
12. Find Je (z? + 1)~! dz along the following contours: 


era 


(a) The cirele |z — i] = 1. (b) The circle |z + i| = 1. 
13. Find fc (2° + 1)-! sin z dz along the following contours: 
(a) The circle | z — i| = 1, (b) The circle |z + i| =: 


14, Find fc (z? + 1) ? dz, where C is the circle |z — i| = 1. 
15. Find fe z-'(z — 1) ' exp z dz along the following contours: 
(a) The circle |z| = 1/2, (b) The circle 


=? 
“ 


Es | 


For Exercises 16-19, assume that the contour C has positive orientation. 


16. Let P(z) = ay + ayz + a2z* + 32° be a cubic polynomial. Find f¢ P(z)z'" dz, where C 
is the circle |z| = 1 and n is a positive integer. 

17, Let fbe analytic in the simply connected domain D, and let C be a simple closed contour 
in D. Suppose that zp lies exterior to C. Find fc f(zz — zp) | dz. 

18, Let z); and z> be two complex numbers that lie interior to the simple closed contour C. 
Show that fc (z — zy) '(z — 22)"! dz = 0. 

19. Let f be analytic in the simply connected domain D, and let z; and z be two complex 
numbers that lie interior to the simple closed contour C that lies in D. Show that 


fey fed | f(z) dz 
= Reet 


iy 7 2 2ni zyMZ — 22) 


State what happens when z; > 2Z). 
20. The Legendre polynomial P,(z) is defined by 


av 


P,(z) [(z? ~ 1"). 


~ 3p! dz" 
Use Cauchy’s integral formula to show that 


P,,(z) a pea: 7 D ce 
Qni Jo QE — zy! 
where z lies inside C. 

21, Discuss the importance of being able to define an analytic function f(z) with the contour 
integral in formula (1). How does this differ from other definitions of a function that 
you have Jearned? 

22. Write a report on Cauchy integra] formula. Include examples of complicated examples 
discussed in the literature. Resources include bibliographical items 13, 59, 107, 110, 
118, 119, and 187. 
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6.6 The Theorems of Morera and Liouville 
and Some Applications 


In this section we investigate some of the qualitative properties of analytic and 
harmonic functions. Our first result shows that the existence of an antiderivative for 
a continuous function is equivalent to the statement that the integral of f is inde- 
pendent of the path of integration. This result is stated in a form that will serve as 
a converse to the Cauchy-Goursat theorem. 


Theorem 6.11 (Morera’s Theorem) Lez f be a continuous function in a 
simply connected domain D, If 


z)dz =0 
fi 
for every closed contour in D, then f is analytic in D. 


Proof Select a point zp in D and define F(z) by the following integral: 
F(z) = [ F(E) dé. 
wr) 


The function F(z) is uniquely defined because if C, and C2 are two contours in D, 
both with initial point zo and terminal point z, then C = C, — C2 is aclosed contour 
in D, and 


0S : FG) dé = [1 dé — [© df. 


Since f(z) is continuous, then if € > 0, there exists a 8 > 0 such that |E ~ <| <& 
implies that | f(é) = f(z) | < ¢. Now we can use the identical steps to those in the 
proof of Theorem 6.6 to show that F’(z) = f(z). Hence F(z) is analytic on D, and 
Corollary 6.1 implies that F’(z) and F(z) are also analytic. Therefore f(z) = F'"(z) 
exists for all z in D, and we have proven that f(z) is analytic on D. 


Cauchy’s integral formula shows how the value f(zo) can be represented by a 
certain contour integral. If we choose the contour of integration C to be a circle with 
center zg. then we can show that the value f(z) is the integral average of the values 
of f(z) at points z on the circle C. 


Theorem 6.12 (Gauss’s Mean Value Theorem) /f f is analytic in a 
simply connected domain D that contains the circle C: \s = zo| = R, then 


; 1 2n 
(1) flzo) = + | flzo + Re) dd. 


202 Chapter 6 Complex Integration 


Proof The circle C can be given the parameterization 
(2) C: 208) =z + Re® and dz = ike" d@ tor0 < @ S 2n. 
We can use the parameterization (2) and Cauchy's integral formula to obtain 


aah 2" F(zg + Re'*)i Re® dO 4 [ : 
im) = Ini Jo Rei" = a Jo f(zo + Re) dB, 


and Theorem 6.12 is proven. 


We now prove an important result concerning the modulus of an analytic 
function. 


Theorem 6.13 (Maximum Modulus Principle) Let f be analytic and 
nonconstant in the domain D. Then f(z) | does not attain a maximum value 
at any point zg in D, 


Proof by Contradiction Assume the contrary, and suppose that there 
exists a point Zp in D such that 


(3) | f(z)| S |f(zo)| holds for all z in D. 


If Co: jz a zo | = R is any circle contained in D, then we can use identity (1) and 
property (22) of Section 6.2 to obtain 
1 [ 
< =) | f(zo + re”) | d@ forO<reR. 
2n JO 


] 2n 
(4) | f(zo)| = on I S(zo + rel’) d0 


But in view of inequality (3), we can treat | f(z) | = | flzo + rel*)| as a real-valued 
function of the real variable 6 and obtain 


1 2n ] Qn 
(5) + | | f(zo + rei) | da< Sool | f(zo) | d= | f(<o) | forOsrsR. 


If we combine inequalities (4) and (5), the result is the equation 
i ; 
| f(zo) | = +{ | flco + re) | dO, 
which can be written as 
(6) i. (| f(zod| — | flzo + re*)|)d8=0 forOsrR. 


A theorem from the calculus of real-valued functions states that if the integral of a 
nonnegative continuous function taken over an interval is zero, then that function 
must be identically zero. Since the integrand in equation (6) is a nonnegative real- 
valued function, we conclude that it is identically zero; that is, 


(7) | flzo)| = |fléo + re*)| forO srs RandO < 0 < 2z. 
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If the modulus of an analytic function is constant, then the results of Example 3.13 
show that the function is constant. Therefore identity (7) implies that 


(8) f(z) = fz) for all z in the disk Do: |z — zo] <= 2 


Now let Z denote an arbitrary point in D, and let C be a contour in D that joins 
zy to Z, Let 2d denote the minimum distance from C to the boundary of D. Then we 
can find consecutive points zo, 2), 22... ..Z, = Zalong C with |y.; — x%| <d. 
such that the disks Dy: |z — %| Sd fork = 0, 1,.. .,n are contained in D and 
cover C, as shown in Figure 6.34. 

Since each disk D, contains the center z,,,; of the next disk D,.,, it follows 
that z; lies in Do, and from equation (8) we see that f(z,) = f(zo). Hence | f(z)| also 
assumes its maximum value at z,. An argument identical to the one given above 
will show that 


(9) f(z) = f(z) = f(z) for all z in the disk Dj. 


We can proceed inductively and show that 
(10) f(z) = fla.) = f(z) for all z in the disk Dy.1. 


By using equations (8), (9), and (10) it follows that f(Z) = f(z)). Therefore f is 
constant in D, With this contradiction the proof of the theorem is complete. 


FIGURE 6.34 The ‘‘chain of disks’’ Dy, D).. . . . D, that cover C. 


The maximum modulus principle is sometimes stated in the following weaker 
form. 


Theorem 6.13* (Maximum Modulus Principle) Let f be analytic and 
nonconstant in the bounded domain D. If f is continuous on the closed region 
R that consists of D and all of its boundary points B, then | f(z) | assumes its 
maximum value, and does so only at point(s) z on the boundary B. 
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EXAMPLE 6.28 Let f(z) = az + b, where the domain is the disk D 
{zi |z : i i 
that 


<1}. Then f is continuous on the closed region R = {z |z| <= 1}. Prove 


as | f@)| = Ja] + [>| 
cist 


and that this value is assumed by f at a point z) = e’* on the boundary of D 


Solution From the triangle inequality and the fact that |z| 
that 


| flz)| = Jaz + b| < Jaz| + |b] < 


<= | it follows 
If we choose zp = e'*», where 8p 


la | 7b): 


arg b — arg a, then 
arg az) = arga + (arg b — arg a) = arg b 


so the vectors az) and b lie on the same ray through the origin. Hence 
Jaz + b| = |az = 


Ja] + |b], and the result is established 


Theorem 6.14 (Cauchy’s Inequalities) Let f be analytic in the simply 
connected domain D that contains the circle C: |z — z| = R. if |f(| <M 
holds for all points z on C, then 


(11) fo] <o forn=1,2,. 
Proof Let C have the parameterization 
C: 2(8) = 


zo + Re" and 


dz =iRe®d® forOs 0 < 2n 
We can use Cauchy’s integral formulae and write 


n! f(z) dz n 
(n) a 
12) Fe) = a 


>" F(zo + Re')i Re” d0 


R'* Tein + 1)e 
Using equation (12) and ee (22) of Section 6.2, we obtain 


[ f(z) | 


2ni JO 


ae 7 f(z + Re®)| de 
a ni n'iM 
<——| Mddb=——M 

on’ 


2nR” ~ Rn 
and Theorem 6.14 is established 
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The next result shows that a nonconstant entire function cannot be a bounded 
function. 


Theorem 6.15 (Liouville’s Theorem) /f f is an entire function and is 
bounded for all values of z in the complex plane, then f is constant. 


Proof Suppose that | fl) | < M holds for all values of z. Let z) denote an 
arbitrary point. Then we can use the circle C: | Z— % | = R, and Cauchy’s inequality 
with n = | implies that 


M 
(13) | f' (zo) | ai 


If we let R —> in inequality (13), then we see that f’(z)) = 0. Hence f’(z) = O for 
all z. If the derivative of an analytic function is zero for all z, then it must be a 
constant function. Therefore f is constant, and the theorem is proven. 


EXAMPLE 6.29 The function sin z is nor a bounded function. 


Solution One way to see this is to observe that sin z is a nonconstant entire 
function, and therefore Liouville’s theorem implies that sin z cannot be bounded. 
Another way is to investigate the behavior of real and imaginary parts of sin z. If 
we fix x = a/2 and let y > o, then we see that 


; _ {% F : _ 7 ; nu, 

lim sin| — + iy lim sin — cosh y + i cos = sinh y 
yoo bee 2 Voie 2 2 
lim cosh y = +0, 


V4 +00 


Liouville’s theorem can be used to establish an important theorem of elemen- 
tary algebra. 


Theorem 6.16 (The Fundamental Theorem of Algebra) /f P(z) is a 
polynomial of degree n, then P has at least one zero. 


Proof by Contradiction Assume the contrary and suppose that P(z) # 0 
for all z. Then the function f(z) = 1/P(z) is an entire function. We show that f is 
bounded as follows. First we write P(z) = a,z" + dy_jz"~! + +++ + ayz + ap and 
consider the equation 


4) |f@| =a = ep 


ze ont oh 
ra 


206 Chapter 6 Complex Integration 


Since |ax|/|z"-*| = |ax|/r’-* > Oas |z| = r > %, it follows that 


Ay | +4 Gy -2 


ao 
: toe tT ay as 


wn a ” 


G5) a, + 


“ 


— co, 


Tf we use statement (15) in equation (14), then the result is 
| f(z)| 20 as |z] > &. 

In particular, we can find a value of R such that 

(16) |f()| <1 forall [zc] =R. 

Consider 
If] = (ua, P+ Le, yyP)'*, 


which is a continuous function of the two real variables x and y. A result from 
calculus regarding real functions says that a continuous function on a closed and 
bounded set is bounded. Hence | f(z) is a bounded function on the closed disk 


w+ y < RR, 
that is, there exists a positive real number K such that 
7) |f()| <K forall jz] <R 


Combining inequalities (16) and (17), it follows that | f(z)| < M = max{K, 1} 
holds for all z. Liouville’s theorem can now be used to conclude that f is constant. 
With this contradiction the proof of the theorem is complete. 


Corollary 6.3 Let P be a polynomial of degree n. Then P can be expressed 
as the product of linear factors, That is, 


P(z) = ACz — Zz ~ 2a) (2 — Zn) 


where Z|, 22... »,%, are the zeros of P counted according to multiplicity and 
A is a constant. 


EXERCISES FOR SECTION 6.6 


For Exercises 1-4, express the given polynomial as a product of linear factors. 


1. Factor P(z) = 27+ 4. 2. Factor P(z) = z+ (1 + dz + Si. 
Factor P(z) = c? — 4z° + 62° — 42 4+ 5, 


Factor P(z) = 2 — (3 + 327 + (-1 4+ 6i)z + 3 — i. Hint: Show that P(i) = 0. 
Let f(z) = az" + b, where the region is the disk R = {z: |z| $ 1}. Show that 


ies | f(z) 


Yeo 


= ja] + [9]. 


6. Show that cos z is not a bounded function. 


13. 


14. 


15. 


16. 


17. 
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Let f(z) = z°, where the region is the rectangle R = {z = x + iv: 2 S$ x S 3 and 
lsys 3}. 

Find the following: 

(a) max | fiz) | (b) min | ftz)| 


(c) max Re { f(z)J (d) min Im [f(z] 
R R 


Hint for (a) and (b): jz| is the distance from 0 to z. 
Let F(z) = sin z, where the region is the rectangle 


t 
R= {z= 2+ o:0sa5 Santos ya} 


a 


: 


Find maxg | f(z)|. Hint: |sin <[ = sin?x + sinh’y. 
Let f be analytic in the disk |z| <5, and suppose that | f(é)| < 10 for values of € on 
the circle | — 1| = 3. Find a bound for | f(1)]. 


. Let f be analytic in the disk |z|] < 5. and suppose that | f(&)| < 10 for values of — on 


the circle {€ — 1| = 3. Find a bound for | f'*0)|. 


. Let f be an entire function such that | f(z)}| < M|z| holds for all z. 


(a) Show that f"(z) = O for all z, and (b) conclude that f(z) = az + b. 


. Establish the following minimum modulus principle. Let f be analytic and nonconstant 


in the domain D. If | f(z)| = m. where m > 0 holds for all z in D, then | f(z)| does not 
attain a minimum value at any point zp in D. 


Let u(x. y) be harmonic for all (x, y). Show that 


] Qn 
u(x, Yo) = an [ u(x + R cos 8, yy + R sin 8) dB, where R > 0. 


Hint: Consider f(z) = u(x, y) + ivy, y). 

Establish the following maximum principle for harmonic functions. Let u(x, y) be har- 
monic and nonconstant in the simply connected domain D. Then uw does not take on a 
maximum value at any point (x). yo) in D. Hint: Let f(z) = u(x, y) + tv(a, y) be analytic 
in D, and consider F(z) = exp[f(z)] where | F(z)| = et, 

Let f be an entire function that has the property | f(z) | = 1 for all z. Show that f is 
constant. 

Let f be a nonconstant analytic function in the closed disk R = {z: |z| < 1}. Suppose 
that | f(z)| = K for all z on the circle {z| = 1. Show that f has a zero in D. Hint: Use 
both the maximum and minimum modulus principles. 

Why is it important to study the fundamental theorem of algebra in a complex analysis 
course? 


. Look up the article on Morera’s theorem and discuss what you found. Use bibliograph- 


ical item 163. 


- Look up the article on Liouville’s theorem and discuss what you found. Use biblio- 


graphical item 117. 


. Write a report on the fundamental theorem of algebra. Discuss ideas that you found in 


the literature that are not mentioned in the text. Resources include bibliographical items 
6, 18, 29, 38, 60, 66, 150. 151, 170. and 184. 


, Write a report on zeros of polynomials and/or complex functions. Resources include 


bibliographical items 50, 65, 67. 102. 109, 120, 121, 122, 140, 152, 162, 171, 174, and 
178. 
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Taylor and Laurent Series 


Throughout this text we have compared and contrasted properties of complex func- 
tions with functions whose domain and range lie entirely within the reals. There are 
many similarities, such as the standard differentiation formulas. On the other hand, 
there are some surprises, and in this chapter we will encounter one of the hallmarks 
distinguishing complex functions from their real counterparts. 

It is possible for a function defined on the real numbers to be differentiable 
everywhere and yet not be expressible as a power series (see Exercise 27 at the end 
of Section 7.2). In the complex case, however, things are much simpler! It turns out 
that if a complex function is analytic in the disk D,(a), its Taylor series about o 
will converge to the function at every point in this disk. Thus, analytic functions 
are locally nothing more than glorified polynomials. 

We shall also see that complex functions are the key to unlocking many of the 
mysteries encountered when power series are first introduced in a calculus course, 
We begin by discussing an important property associated with power series— 
uniform convergence. 


7.1. Uniform Convergence 


Recall that if we have a function f(z) defined on a set T, the sequence of functions 
{S,(z)} converges to the function f at the point z = z € T provided lim S,(zo) = 


Neo 
F(z). Thus, for the particular point zo, this means that for each € > 0, there exists 
a positive integer N..., (which depends on both € and zp) such that 


(1) ifn 2=N,.,, then |S,(z) — flzo)| < e. 
If S,(z) is the mth partial] sum of the series > c(z — a), statement (1) becomes 
pa 


n~-| 


>> CZ — a) — f(z) 


(2) ifnm2Nn.,.., then <€. 


e293 


It is important to stress that for a given value of €, the integer N,., we need to 


Caer) 


satisfy statement (1) will often depend on our choice of zp. This is not the case if 
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the sequence {S,(z)} converges uniformly. For a uniformly convergent sequence, it 
is possible to find an integer N, (which depends only on €) that guarantees statement 
(1) no matter which value for zo € T we pick. In other words, if n is large enough, 
the function $,(z) is uniformly close to f(z). Formally, we have the following 
definition. 


DEFINITION 7.1 The sequence {S,(z)} converges uniformly to f(z) on the 
set T if for every € > OQ, there exists a positive integer N, (which depends only 
on &) such that 


(3) ifn =N,, then |S,(z) — flz)| <e forall ze T. 
If in the preceding, S,,(z) is the nth partial sum of a series > cz — a), we say that 
ear 


the series > cz — &)* converges uniformly to f(z) on the set T. 
kel) 


1 
EXAMPLE 7.1 The sequence {5,(z)} = fe + ‘| converges uniformly to 
n 


f(z) = e* on the entire complex plane because for any € > O, statement (3) is satisfied 
for all z if N, is any integer greater than 1/e. We leave the details for showing this 
as an exercise. 


A good example of a sequence of functions that does not converge uniformly 
is the sequence of partial sums comprising the geometric series. Recall that the 


n-t 


— cit 
geometric series has S,(z) = > Pil 1 ~ converging to f(z) = 5 
=) -—< ee 


ze D,(Q). Since the real numbers are a subset of the complex numbers, we can show 
statement (3) is not satisfied by demonstrating it does not hold when we restrict 
our attention to the real numbers. In that context, D,(0) becomes the open interval 
(—1, 1), and the inequality |5,(z) — flz)| < € becomes | S,(x) — f(x)| < €, which 
for real variables is equivalent to f(x) — € < S,(x) < f(x) + €. If statement (3) were 
to be satisfied, then given e > 0, S,(x) should (for Jarge enough values of 1) be 
within an €-bandwidth of the function f(x) for all x in the interval (—1, 1). Figure 
7.1 illustrates that there is an € such that no matter how large n is, we can find 
xo € (—1, 1) such that S,(xo) is outside this bandwidth. In other words, this figure 
illustrates the negation of statement (3), which in technical terms is 


for all 


(4) there exists € > 0 such that for all positive integers N, there is some n = N 
and some zp € T such that | S,(20) — f(zo)| = €. 


We leave the verification of statement (4) when applied to the partial sums of a 
geometric series as an exercise. 
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ve fix)-e€ 


FIGURE 7.1 The geometric series does not converge uniformly on 
(-1,1). 


There is a useful procedure known as the Weierstrass M-test, which can help 
determine whether an infinite series is uniformly convergent. 


Theorem 7.1 (Weierstrass M-test): Suppose the infinite series \ u,(z) 
0 
has the property that for each k, | ux(z) | <M, forallzeT. >, M, converges, 
a) 


then » u,(z) converges uniformly on T. 
k=0 


n-l 


Proof Let S,(z) = 5 u,(z) be the nth partial sum of the series. If n > m, 
k=0 


nai 
| Sa(z) ~ Sn(2) | = | uy,(z) + Hy) \(z) a 5 Uy, i(z) | = bs M,. 


k=m 


Since the series a, M, converges, the last expression can be made as small as we 
k=) 


wish by choosing m large enough. Thus, given € > Q, there is a positive integer NV, 
such that if n,m > N,, then |5S,(z) — S,,(z)| < €. But this means that for all z € 7, 
{S,(z)} is a Cauchy sequence. According to Theorem 4.2, this sequence must con- 
verge to a number which we might as well designate by f(z). That is, 


F(z) = lim S,(z) = » 4, (Zz). 


Hoe =0 
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This gives us a function to which the series Be u,(z) converges; it remains to be 
k=0 
shown that the convergence is uniform. Let € > 0 be given. Again, since S M, 
k=) 


converges, there exists N, such that if n = N,, then $> M, < ¢€. Thus, ifn = N,, we 


k=n 


have for all z € T that 


n-) 


(f(z) — Silz)| = > ux(z) — > ui(z) 


k=0 


<e, which completes the argument. 


As an application of the Weierstrass M-test, we have the following. 


Theorem 7.2 Suppose the power series >, c,(z — 0) has radius of con- 
=) 


vergence p > 0. Then for each r,O0 <r < 9, the series converges uniformly 
on the closed disk D(a) = {z: |z — @| Sr}. 


Proof Given r with 0 <r < p, choose zp € D,(@) such that | zo — a | =r, 


Since S cz — )* converges absolutely for z € D,(O) (Theorems 4.9 and 4.11, 
£20 


part ii), we know that s [exo — a | = »» | cx | r* converges. For all z € D(a) 
k=O =0 
it is clear that 
Jez — a | = Jey] |z—a]* = [ex|r’ 


The conclusion now follows from the Weierstrass M-test with M, = |c,|r‘. 


Corollary 7.1 For each r,0 <r <1, the geometric series converges uni- 
formly on the closed disk D,(Q). 


The following theorem gives important properties of uniformly convergent 


sequences. 


Theorem 7.3 Suppose {S,} is a sequence of continuous functions defined 
on a set T containing the contour C. If {S;,} converges uniformly to f on the 
set T, then 


(i) fis continuous on T, and 
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(ii) jim i S,(z) dz = : lim S,(z) dz = [1 dz. 


Proof (i) Given zp € T, we must prove lim f(z) = f(zo). Let € > 0 be given. 
m4) 


Since S, converges uniformly on 7, there exists a positive integer NV, such that 


€ 
for all ze T. | f(z) — Se2)| < 5 whenever k = N,. Since Sy is continuous at zy, 


there exists § > 0 such that if |z — zo| < 6, then |Sw(z) — Sy,(zo)| < 5 . Hence, if 
|z ~ zo| < 8, we have 
| f(z) — flza)| = | f@) — Su(2) + Su(2) — Sy,Za) + SwZo) — feo) | 
< |flz) — Sw,@)| + |Sn2) — Sy,(2o)| + | Sy(20) — f(z) | 


ee 
a ge 


(ii) Let &€ > 0 be given, and let L be the length of the contour C. Since {5S;} 
converges uniformly to fon T, there exists a positive integer NV, such that if k = N,, 


é€ 
then | Si(z) ~ fle)| <> for all ze 7. Since CC 7, max |S) — fl@)| < a Sok 
eC 
k=N,, 


= |[. 1512) ~ reo a 
max |5,(z) — f(z)| L (by Lemma 6.2) 
ce€ 


«(ese 


Corollary 7.2 /f the series » CA(Z — O)" converges uniformly to f(z) on 
n=0 


[. Sx(z) dz — i: f(z) dz 


IA 


the set T, and C is a contour contained in T, then 


>> I. Cz — a) dz = iN 2, CZ — O) dz = [re dz. 


EXAMPLE 7.2. Show that —-Log(1-z)= >y - 2" for all ze D, (0). 


Solution Given z € D,(0), choose r such that 0 < | zo | <r <1, thus 


ensuring that z) « DO). By Corollary 7.1, the geometric series > z” converges 


n=O 
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: 1 ae ; ; ao 
uniformly to ae on D,(0). If C is any contour contained in D,(0), Corollary 7.2 


gives 


= oS ee dz. 


cl- n=O 


Now, the composite function -—Log(1 - z) is an antiderivative for i ] on D,(0), 
hz 


where Log is the principal branch of the logarithm. Clearly, i z"*? is an anti- 


derivative for the function z”. Hence, if C is the straight line segment joining 0 to 
zo, Theorem 6.7 gives 


fo fod vo 


—Log(1 - z) 5 =, 1 ogni o? 


which becomes 


—Log(1 - Zo) = > 


nao A+1) nei ft 


Since zy € D,(0) was arbitrary, we are done. 


EXERCISES FOR SECTION 7.1 


1, This question relates to Figure 7.1. 
(a) For x near —1, is the graph of S,,(x) above or below f(x)? Expiain. 
(b) Is the index n in S,(x) odd or even? Explain. 
(c) Assuming the graph is accurate to scale, what is the value of 7 in S,(x)? 
2. Complete the details to verify the claim of Example 7. I 
n-l 
3. Show that statement (4) holds if S,(z) = > z= d 


— 
k=) 


Hint: Given € > 0, and a positive integer n, cue: Zn = ee, 
4. Prove that the following series converge uniformly on the sets indicated. 


(a) Soe on D,(0) = (z:|z| < 


] 
, and T = D,(0). 


ett 
ec cee Fis ' 
a re a _ 2 on {z: {z{ > 2} 


> 
Ww) [i 2° re 


on D,i0), where 0 < R < ce 


(d) >» al on D0), where 0< r <1. 


5. Why can’t we use the arguments of Theorem 7.2 to prove that the geometric series 
converges uniformly on all of D,(0)? 

6. By starting with the series for cos z given in Section 5.4, choose an appropriate contour 
and use the methodology of Example 7.2 to obtain the series for sin z. 
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7. Suppose that {f,(z)} and {g,(z)} converge uniformly on the set T. 
(a) Show that the sequence (f,(z) + g,(z)} converges uniformly on the set 7, 
(b) Show by example that it is not necessarily the case that {f,(z)g,(z)} converges uni- 
formly on the set 7. 
8. On what portion of D\(0) does the sequence {nz"}"_, converge, and on what portion 
does if converge uniformly? 


7.2. Taylor Series Representations 


In Section 4.2 we saw that functions defined by power series have derivatives of all 
orders. In Section 6.5 we saw that analytic functions also have derivatives of all 
orders. It seems natural, therefore, that there would be some connection between 
analytic functions and power series. As you might guess, the connection exists via 
the Taylor and Maclaurin series of analytic functions. 


Definition 7.2 If f(z) is analytic at z = @, the series 


2) 3), 
f(a) + f'(a)(z - a) + Lit (z— a)? + fis (z- a)? +... 


20 Fa) 
= 2 


is called the Taylor series for f centered around &. When the center is a = 0, 
the series is called the Maclaurin series for f. 


(z— at 


To investigate when the preceding series converges we will need the following 
lemma. 


Lemma 7.1 /f z, zo, and @ are complex numbers with z # xz, and z ¥ Q, 
then 


1 1 Zo - @ Zo ~ ay 
pe a AO SD 
CaS <i S, ZO) (z- ay 
(z — ay! Z— 2 (zc — ay! ? 


(1) 


where n is a positive integer. 


1 
—-2 (c-a@ —-(m-o) 
seed 1 
2-1 — (% — Az — o) 


The result now follows from Corollary 4.3 if in that corollary we replace z by 


ZO 


a ii sae : ; 
. We leave the verification details as an exercise. 
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Theorem 7.4 (Taylor’s Theorem) Suppose f is analytic in a domain G, 
and that D(a) is contained in G. Then the Taylor series for f converges to 
f(z) fer all z in Dp(Q); that is, 


fh a) 
k! ( 


(2) fe= > z — a) for all z € Dal@). 

k=O 
Furthermore, this representation is valid in the largest disk with center © that 
is contained in G, and the convergence is uniform on any closed subdisk 
DAa) = {c: |s - a] <r) forO<r<R, 


Proof We observe first that if we can establish equation (2), the uniform 
convergence on D,(a) for 0 <r < R will follow immediately from Theorem 7.2 by 
FOO) 

ki 

Let zp € Dr(@) be given, and let r designate the distance between zy and @, so 
that | zo - a | =r. We note that 0 <7 < R, since zy belongs to the open disk De(a). 
Choose p such that 


equating c, of that theorem with 


(3) Osr<p<R, 


and let C = C, (a) be the positively oriented circle centered at @ with radius p as 
shown in Figure 7.2. 


FIGURE 7.2 The constructions for Taylor’s theorem. 


Since C is contained in G, we can use the Cauchy integral formula to get 


I 1 
fio) = = 


2Ti JC Z — Zp 


F(z) dz. 


Replacing in the integrand by its equivalent expression in Lemma 7.1 gives 
5 7 <6 
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Tomes 1 m7 o | Ko 
(4) flzo) = 5 rear Be ears 
1 (Zo — ay! ; 
———- — — _ | fz) dz 
Zz Zo so Ifo 
1 [iad ‘ae POE eo ig 4 f(z) dz 
~ Ini cz-oO 2ni JC(z - ay 2ni c(z~ ay! 


4 @E ay"! [ f(z) dz 


2ni — Zn (z — art’ 


where n is a positive integer. The last term in this expression can be put in the form 


1 f wo fod 


5 Whe 

(5) E,(zo) = Oni ee ey 

Recall also by the Cauchy integral formula that fork = 0,1,2,.. ., 
ni f(z) dz 
—— fith) =- peed ee 

6) 5 a al Ean 


Substituting equations (5) and (6) into equation (4) now gives 


n (k), 
oe ee 
fk! 


ay + E,,(20). 


The summation on the right-hand side of equation (7) is the first 7 + 1 terms of the 
Taylor series. Our proof will be complete if we can show that the remainder, E,,(zo), 
can be made as small as we please by taking n to be sufficiently large. 

We will use the ML inequality (Lemma 6.2) to get a bound for | Enzo) | - 
According to our constructions shown in Figure 7.2, we have 


(8) |z—al=r and |z—-a| =p. 
By inequality (6) of Section 1.3, we also have 
(9) Jo- zo] = z— &) — (% — | 


| 
= [z- a] - Jamal 
pP- 


If we set M = max | f(z) | for < on C, equations (8) and (9) allow us to conclude 


eee We, Hy nets 
_ Gy = ay" fe) < (=) ( : )m forzeC. 
(z ~~ zo Mz es ay! p Pp SaP. 


The length of the circle C is 27p, so using the ML inequality in conjunction with 
equations (5) and (10) gives 


n+] 
(11) | E,(20)| s = (<} (Lamp, 
2n \p p-r 


(10) 


7.2. Taylor Series Representations 217 


. vit] 
According to equation (3), the fraction - is less than I, so (£) (and hence 


the right side of equation (11)) goes to zero as n goes to infinity. Thus, given any 
€ > 0, we can find an integer NV, such that | E,,(z0) | < efor n = N,, and our proof 
is complete. 


If fis an entire function, then f has no singular points, and equation (2) holds 
for all complex numbers z, making the radius of convergence of the Taylor series 
equal to infinity. The fact that equation (2) is valid in the largest disk with center o 
that is contained in G is made clear by the following corollary. 


Corollary 7.3 Suppose that f is analytic in the domain G that contains 
the point z = O. Let zo be a singular point of minimum distance to a. If 
| zo = a | = R, then 


(i) the Taylor series (2) converges to f(z) on all of Dr(&), and 


(ii) if S > R, the Taylor series (2) does not converge to f(z) on all of Ds(a). 


Proof 

(i) The argument for (1) is identical to the proof of Theorem 7.2. 

(ii) If [zo — @| = R, then zp € Ds(a) whenever S > R. If for some S > R, 
the Taylor series converged to f(z) on all of Ds(a), then according to Theorem 4,13, 
f would be differentiable at z), contradicting the fact that zo is a singular point. 


EXAMPLE 7.3 Show that ——— = -> (n + 1)z" is valid for z € D,(0). 


Solution We established this identity with the use of Theorem 4.13 


] 
in Example 4.18. We will now do so via Theorem 7.4, If f(z) = ae" 


standard induction argument (which we leave as an exercise) will show that 
(n+ 1)! 
{23 Q) =e 
@| fai zy’ = 
the role of k) 


1 a = (n + 1)! 
(12) fa) = ms = EO = SO = Sn t de 


| = z)? n=o on! n=() n! 


. Thus, f'(0) = (nm + 1)!, and identity (2) gives (with n taking 


Furthermore, since the point z = 1 is the closest singularity to the point 
a = 0, Corollary 7.2 assures us that equation (12) must be valid for all z € D,(0). 
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EXAMPLE 7.4 Show that for z « D,(0), 


(13) = > gn and ! = >, (~ 1)"z2", 


1 - z n=O 1+ 2 


; . 
(14) =z. 


1 ws 
If we let z? take the role of z in equation (14), we get that je a (yt = 
eae oo n=O 


S) 2" for 22 « D\(0), But z? € D,(0) if and only if z « D,(0). Letting —z? take the 
n=0 


role of z in (14) gives the second part of equation (13). 


Corollary 7.3 clears up what often seems to be a mystery when series are first 
introduced in calculus. The calculus analog of equation (13) is 


ne 


_~ 
— 
mn 

~ 
rer 
—_ 
nN 
i} 
M: 


1 
x” and fen 4, 6— Wy for xe (—1, 1). 


n= 
For many students, it makes sense that the first series in equation (15) converges 
: by . 
only on the interval (—1, 1) because low is undefined at the points x = +1. It 
a2 


seems unclear as to why this should also be the case for the series representing 


since the real-valued function f(x) = is defined everywhere. The 


1 
1 + x2’ l+x 
explanation, of course. comes from the complex domain. The complex function 


fla = rene 


a is not defined everywhere. In fact, the singularities of f are at the 
points +i, and the distance between them and the point @ = 0 equals 1. According 
to Corollary 7.3, therefore, equation (13) is valid only for z « D,(0), and thus equa- 
tion (15) is valid only for x e€ (—1, 1). 

Alas, there is a potential fly in this ointment. Corollary 7.3 applies to Taylor 
series. To form the Taylor series of a function, we must compute its derivatives. 
Since we did not get the series in equation (13) by computing derivatives, how do 
we know they are indeed the Taylor series centered about © = 0? Perhaps the Taylor 
series would give completely different expressions than the ones given by equation 
(13). Fortunately, the following theorem removes this possibility. 


Theorem 7.5 (Uniqueness of Power Series) Suppose that in some disk 
D(a) we have 


f(2) = > a,(z — 0)" = 2d balz — a)’. 


i= 


Then a, = b, forn =0,1,2,.... 
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f(a) 


n! 
Thus, any power series representation of f(z) is automatically the Taylor series. 


Proof By Theorem 4.12, a, = = b, forn = 0,1, 2,. 


EXAMPLE 7.5 Find the Maclaurin series of f(z) = sin3z. 


Solution Computing derivatives for f(z) would be an onerous task. Fortu- 
nately, we can make use of the trigonometric identity 


3 ] 
sintz = 7 sin = — c sin 3z. 
Recall that the series for sin z (valid for all z) is 


sin: = 3 (1 


zen +] 


Y On +1) 
Using this identity, we obtain 
32 vent | | Mreees (3z)2"! 
si sz = —]y ———_ - - y 
Me ne ” Y Ont i 425° Gas 1)! 
zone 1 _3 Sell Qnz2n+ ! 
a5) (- ———— _ Si pe 1y a 
= As Y On + 1)! - nad (2n + |)! 
3d Qr)zen- ] ad 3c1 — Qr)z2n* | 
ei 2 (-1): ~——-——_. 
nad 4(2n + 1)! n=1 4(2n + 1)! 


By the uniqueness of power series, this last expression is the Maclaurin series for 
ino- 
sin°s 


The preceding argument used some obvious results of power series represen- 
tations that we have not yet formally stated. The requisite results are part of the 
following. 


Theorem 7.6 Let fand g have the power series representations 


fl) = ye — a)" forzeD,(a) and 
neQ 


gc) = > b,(z — a)" for ze D,(a). 
n=0 
If r = min {r\, ro}, and B is any complex constant, then 


(16) Bflz) = 2 Ba,(z — a)" forse D,(o) 


(17) fl) + a) = 2, (a, + bz — 0)" forze DAG) and 
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n 


(18) f(z)g(z) = s cz — «) forze DAG), where c, = > arb, _p. 
n=O k=0 
Identity (18) is known as the Cauchy product of the series for f(z) and g(z). 


Proof We leave the details for (16) and (17) as an exercise. To establish 
(18) we observe that the function A(z) = f(z)g(z) is analytic in D,(a). Thus, for 
ze DAG), 


A’(z) = f(ze'(z) + f(g). AZ) = fF’) + 2’ We" + flZg"(s). 


By mathematical induction, the preceding pattern can be generalized to the nth 
derivative, giving Leibniz’s formula for the derivative of a product of functions: 


n” 


| H(z = eee a ee 
2)e OG) re i! 


F(2gi"- Ay z y. 
(We will ask you to show this as an exercise.) 
By Theorem 4.13, we know that 


f(a) gi K(q) a 
kl a 


so equation (19) becomes 


ub (n—k) had 
—— ey a f*(@) BQ) (o) > abe 


oo) & k!o a@—bk! ~ 


Now, according to equation (2), we know that 


hin 
(21) A(z) = > O — a)", 


Substituting equation (20) into equation (21) gives equation (18) because of the 
uniqueness of power series. 


EXAMPLE 7.6 Use the Cauchy product of series to show that 


1 ao 
(1 = z = >, (n ate })z” for z e D, (0). 


1 
Solution Let f(z) = g(z) = ——— = mar z" for z « D,(0). In terms of The- 


n=0 
orem 7.6, we have a, = 6, = 1 for al n, and thus equation (18) gives 


n= n=O 


] os Hw 
a-2 = A(z) = f(Dg(z) = s s ard, Je S (n + 1)z", as required. 
— zy 0 lke 
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EXERCISES FOR SECTION 7.2 


Bai gent 

1. Show that sinh z = 2 Gnd! for all z. 
fod zen 

2. Show that cosh z = > for all z. 
n=0 (2n 2)! 


(- 1)’ ] 
3. Show that Log(] + z) = S z" for all z € D,(0). 
n=l n 


4. Find the Maclaurin series for arctan z. Hint: Choose an appropriate contour and integrate 
the appropriate series given in Example 7.4. 

5. Find the Maclaurin series for cos*z. Hint: Use the trigonometric identity 4 cos*z = 
cos 3z + 3 cos z. 


6. Find the Taylor series for f(z) = = - centered about @ = 1. Where does this series 


converge? Hint: —s = so =(z- —— . Expand the last expression 
using a geometric series. 
Sez 

—3 


1 - ] cael | 
converge? Hint: teas = (3) T-1@- DA] : 


= 0. 


7, Find the Taylor series for f(z) = centered about © = |, Where does this series 


8. Let f(z) = 


(a) Explain why fis analytic at z = 0. 
(b) Find the Maclaurin series for f(z). 


(c) Find the Maclaurin series for g(z) = [ f(G) a. 


9, Find the Maclaurin series for f(z) = (z7 + 1)sin z. 
10. Let B denote a fixed complex number, and let f(z) = (1 + z)® = exp[P Log(1 + z)j be 
the principal branch of (1 + z)*. Establish the binomial expansion 


oe 1) 2 , BB = DB — 2) E 
3I 


5 8B np = 2 (Bp —at 1) 


n! 


d+ z%=1+4 Bz +——— abe ns 


2” for all ze D,(0). 


11. Show that f(z) = has its Taylor series representation about the point © = i given 


by 


(z — i)” 


Spe forall ze (2 jz=4] < /2} 


f= 


12. Use the identity cos z = = (e* + e-*) to find the Maclaurin series for f(z) = e*cos z = 


Le 


| ] 
= a} 2 EVES += e! ar 
ae 2 
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13. Suppose that f(z) = » ¢,z” is an entire function. 
n=0 


(a) Find a series representation for fi using powers of z. 
(b) Show that f(z) is an entire function. 
(c) Does f(z) = f(z)? Why? 

14. Find f'*°(0) for the following functions. 


(a) F(z) = 2 GB + (- 1)"y"z" 


= (1+ i)", 
(b) g(z) = YGF", 
n=) 
58 sf 
c) A(z) = ee rs 
=) > (/3 + i" 
15. Let f(z) = Ss ez = 1 tz t+ 222 + 323 + S24 + 825 + 132° +--+, where the coefficients 
n=0 
c, are the Fibonacci numbers defined by cy = 1. c; = 1. and c, = cy_) + Cy_2 for n 2 2. 


| 
(a) Show that f(z) = i for all z in the disk Dg(O) for some number R. Hint: 


Show that f satisfies the equation f(z) = 1 + zf(z) + z’f(z). 
(b) Find the value of 2 in part a for which the series representation is valid. Hint: 
Find the singularities of f(z). 
16. Complete the details in the verification of Lemma 7.1. 
17, We used Lemma 7.1 in establishing identity (4). However, Lemma 7.1 is valid provided 
z # zw and z ~ a. Explain why in identity (4) this is indeed the case. 


(n+ 1)! 


18. Prove by mathematical induction that f(z) = (op in Example 7.3. 


19, Establish identities (16) and (17). 

20, Use Maclaurin series and the Cauchy product in identity (18) to verify the identity 
sin 2z = 2 cos z sin z up to terms involving z°. 

21. The Fresnel integrals C(z) and S(z) are defined by 


C(z) = [ cos(é?) dé and so = |, sin(é2) dé, 


and F(z) is defined by the equation F(z) = C(z) + 1S(z). 
(a) Establish the identity 


F(z) = [ explit2) dé. 


(b) Integrate the power series for exp(ié*) and obtain the power serics for F(z). 
(c) Use the partial sum involving terms up to 2” to find approximations to C(1.0) and 


S(1.0), 
22. Compute the Taylor series for the principal logarithm f(z) = Log z expanded about the 
center z) = —1 + i. Hint: Use f(z) = [z — (-1 + ) + (-1 + A] | and expand f'(z) 


in powers of [z — (—1 + #)], then apply Corollary 7.2. 
23. Let f be defined in a domain that contains the origin. The function f is said to be even 
if f(—z) = f(z), and it is called odd if f(—z) = —f(z). 
(a) Show that the derivative of an odd function is an even function. 
(b) Show that the derivative of an even function is an odd function. 
Hint: Use limits. 


24. 


25, 
26. 


27. 


28. 


29. 


30. 


7.3 
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(a) If f(z) is even, show that all the coefficients of the odd powers of z in the Maclaurin 
series are zero. 

(b) If f(z) is odd, show that all the coefficients of the even powers of z in the Maclaurin 
series are zero. 

Establish identity (19) by using mathematical induction. 

Consider the following function: 


1 

! when z ¥ —, 
fO=M1—-z 2 
1 

henz =<. 
0 when > 


(a) Use Theorem 7.4 to show that the Maclaurin series for f(z) equals x ze. 


n=l) 

(b) Obviously. the radius of convergence of this series equals | (ratio test). However, 
the distance between 0 and the nearest singularity of f equals +. Explain why this 
does not contradict Corollary 7.3. 

Consider the real-valued function f defined on the real numbers as follows: 


e when x ¥ 0, 
Hay= | 0 whenx = 0. 


(a) Show that for all 2 > 0, f’(0) = 0, where f'” is the nth derivative of f. Hint: Use 
the limit definition for the derivative to establish the case for n = 1, then use math- 
ematical induction to complete your argument. 

(b) Explain why this gives an example of a function that, although differentiable every- 
where on the real line, is not expressible as a Taylor series about 0. Hint: Evaluate 
the Taylor series representation for f(x) when x # 0, and show that the series does 
not equal f(x), 

(c) Explain why a similar argument could not be made for the complex-valued function 
g defined on the complex numbers as follows: 


ee e-* when z # 0, 
eee 0 whenz=0, 


Hint. Show that g(z) is not even continuous at z = 0 by taking limits along the real 
and imaginary axes. 
Explain how Laurent series and series solutions for differential equations studied in 
calculus are different. How are they similar? 
Write a report on series of complex numbers and/or functions. Include ideas and ex- 
amples not mentioned in the text. Resources include bibliographical items 10, 83, 116, 
and 153. 
Write a report on the topic of analytic continuation. Be sure to discuss the chain of 
power series and disks of convergence. Resources include bibliographical items 4, 19, 
46, 51, 52, 93, 106, 128, 129, 141, 145, and 166. 


Laurent Series Representations 


Suppbse f(z) is not analytic in Dg(@), but is analytic in D,(a) = {z:0 < |z - a| 


| 
< R}. For example, the function f(z) = ae is not analytic when z = 0 but is 
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analytic for |z| > 0. Clearly, this function does not have a Maclaurin series rep- 
resentation. If we use the Maclaurin series for g(z) = e*, however, and formally 
divide each term in that series by z?, we obtain the representation 


that is valid for all z such that |z| > 0. 
This example raises the question as to whether it might be possible to gener- 
alize the Taylor series method to functions analytic in an annulus 


A(r, R, a) = {zirs|z-a| SR). 
Perhaps we can represent these functions with a series that employs negative powers 


1 
of < in some way as we did with f(z) = = e*. As you will see shortly, this is indeed 


a 


the case. We begin by defining a series that allows for negative powers of 2. 


Definition 7.3 Let c, be a collection of complex numbers for n = 0, +1, 


+2,43,.. . . The doubly infinite series BY c,(z — &)", also called a Laurent 


A= ow 
series, is defined by 


a = 


(1) >; CalZ _~ a)" = >» C_ AZ a a)-" + 2, CnkZ ay", 


N= oo Lina 


provided the series on the right-hand side of this equation converge. 


Note: You may recall that by by Cz — a)" we really mean 
n=0 


Co + By C,(z — @)". At times it will be convenient to write > CZ — 0)" as 


n=} N= 


XY ake -— oO = DS edz — w+ Y oe — 0" 
N= —00 N= —0 n=0 
rather than using the expression given in equation (1). 
Definition 7.4 GivenO <= r< R, we define the annulus centered at o with 
radii r and R by 
A(r, R, &) = {zi r< |z- | < R}. 
The closed annulus centered at o with radii r and R is denoted by 
A(r. R, &) = (zs |[z —a| SR). 


Figure 7.3 illustrates these terms. 
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4 


FIGURE 7.3 The closed annulus A(r, R, &). The shaded portion is the open 
annulus A(r, R, ). 


Theorem 7.7 Suppose the Laurent series = Cr(Z — O)" converges on an 


N=—00 
annulus A(r, R, &). Then the series converges uniformly on any subannulus 
A(s, t, &), wherer<s<t<R. 


Proof According to Definition 7.3, 


© 


> enlz — a)" = > e_Az— a)" + > CA(zZ — a)". 


N=—co 


By Theorem 7.2, the series > c,(z — 0)" must converge uniformly on D,(q). 
n=0 


2 Weierstrass M-test, it is easy to show that the series ws C_»(Z — O)~" con- 
n-1 

s uniformly on {z: |z| = s} (we leave the details as an exercise). Combining 

two facts yields the required result. 


The main result of this section specifies how functions analytic in an annulus 
> expanded in a Laurent series. In it, we will use symbols of the form C; (a), 
we remind you designate the positively oriented circle with radius p and 
a. That is, Ch (&) = {z: | z- a | = p}, oriented in the positive direction. 


Theorem 7.8 (Laurent’s Theorem) Suppose 0 < r < R, and that f is 
analytic in the annulus A = A(r, R, ®) = {zir< |z — a.| < R} shown in 
Figure 7.3. If p is any number such that r < p < R, then for all zo € A, f has 
the Laurent series representation 


°° 


(zo) = >) enzo — a)" = Dd) c-nlZo — )-" + DY) en(zo — 00)" 


N=—oo n=! n=0 


where forn = 0,1,2,.. ., the coefficients c_, and c, are given by 
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1 f(2) 1 ee. 
3) Foe -2{ SS de and 6 = 
( ) n 2ni Cre (z = a)! < n ni Cra) (z Fy (- ar) Ze 
Moreover, the convergence in equation (2) is uniform on any closed suban- 
nulus A(s, t, &) = {z:s < |z—@| St},wherer<s<t<R. 


FIGURE 7.4 The annulus A (shaded) and in its interior the circles Co, C,, and C2. 


Proof If we can establish equation (2), the uniform convergence on 
A(s, t, &) will follow from Theorem 7.7. Let zp) be an arbitrary point of A. Choose 
ro small enough so that the circle Co = C;(zo) is contained in A. Since f is analytic 
in D,,(Zo), the Cauchy integral formula gives 


ae f(z) 
2ni Co (Z — Zo) 


(4) fo) = 


Let C, = Oe (a) and C) = C(@), where we choose r; and r2 so that Co lies in the 
region between C; and C2, and r < r; < rp < R, as shown in Figure 7.4. Let D be 
the domain consisting of the annulus A except for the point zo. The domain D in- 
cludes the contours Co, C;, and C2, as well as the region between C2 and Cy + C,. 


F(z) 


In addition, since Zp does not belong to D, the function ( 


, is analytic on D, so 
by the extended Cauchy-Goursat theorem we obtain 


sh) Cer <2 ie meme gee AA a ee ie De 


(5) 2ni JC, (z — z) 2ti JCo (Z — 2) 2mi JC; (z — 2) 


Combining equation (5) with equation (4) and rearranging terms gives 


Se BB ah ashe 


2ni JC. (Z — 2) 2ni JC, (z — 2) 


(6) fo) = 


7.3 Laurent Series Representations 227 


If ze Cz, then | z- a] < | z—@| so by use of the geometric series (Theorem 4.8) we have 
re es 
Z-% (z-— Q) — (% — &) 
1 


be _ 27 & 
(z ca ee £) 


(Zo — Q)" ; 
= a lon (provided z € C>). 


(7) 


Moreover, by the Weierstrass M-test, it is possible to show that the preceding series 
converges uniformly for z € C2. We leave the details as an exercise. 
Likewise, if z € C), we leave as an exercise for you to show by Corollary 4.2 
that 
1 = (z—- a@)" 


(8) ——=-> 


zZ— 2% aah (Zp — ay?’ 


and that the convergence is uniform for z € C). 
Bee the series for equations (7) and (8) into equation (6) yields 


— S 1 = (« 
SO" ey de + 3, aE Ne de 


ou Cz 720 (Z — ay} 2ni JC, AZO (zy — @)"* ] 


(9) f(Zo) = 


Since the series in equation (9) converge uniformly on C2 and C), respectively, we 
can interchange the summations and the integrals in accord with Corollary 7.2 to 
obtain 


= 1 z) dz 
(10) flzo) = > E ee -— a)" + 


nao | 2ti JO (z — ay! 


] 
Ss I. TONE = OG | = oy” 


If we move some terms around in the second series of equation (10) and reindex, 
we get 


z)dz | 
(11) feo) = 2 S55 fo Coe tl — ay’ + 


S f 7 
2 E I. «@—-a-"! ac ea — ayn, 


We apply the extended Cauchy-Goursat theorem once more to conclude that the 
integrals taken over C; and C, in equation (11) give the same result if they are taken 
over the contour C; (a), where p is any number such that r < p < R. This yields 


1 zsdz |. 
(12) fo) = sal. le — oy) + 


oni Jom (z — ay! 


5 fla) en 
35 Je. (- ar"! a: — a". 
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Finally, writing the second series first in equation (12) gives 


aig : 
(13) fla) = Pa fo ace -ayrt+ 


neil 2m IC™ (zg — ao"! 


=| 1 [ faye Vx. 
3/3 Cha (z Sets a)" cw Qa) . 


Since zy € A was arbitrary, this establishes equations (2) and (3), and our proof of 
Theorem 7.8 is complete. 


What happens to the Laurent series if fis analytic in the disk De(a)? If we 
look at equation (11), we see that the coefficient for the positive power (zo — a)” 
equals f’(za)/n! by using Cauchy’s integral formula for derivatives. Hence, the 
series in equation (2) involving the positive powers of (z) — o) is actually the Taylor 
series for f The Cauchy-Goursat theorem shows us that the coefficients for the 
negative powers of (z) — &) equal zero. In this case, therefore, there are no negative 
powers involved, and the Laurent series reduces to the Taylor series. 

Our next theorem delineates two important aspects of the Laurent series. 


Theorem 7.9 Suppose that f is analytic in the annulus A(r, R. &), and has 


Laurent series f(z) = Ss c,A(z — «)" forallze€ A(r, R, &). 


N= we 
GW) Ff f@) = & b,c — 0)" for all ze AU. R, ©), then b, = c, for all n. Un 
N=—oo 
other words, the Laurent series for f in a given annulus is unique.) 
(i) Forallze A(r, R, Q), the derivatives for f(z) may be obtained by termwise 
differentiation of its Laurent series. 


Proof We will prove part (i) only, since the proof for part (ii) involves no 
new ideas beyond what you have already seen in the proof of Theorem 4.13. Since 


the series > b,(z — 0)" converges pointwise on A(r, R, &), Theorem 7.7 guarantees 


pear 
that this series converges uniformly on C. (“) forO sr<p < R, By Laurent’s 
theorem, 


he, F(z) 
ar Qi Cta (z — a)*! 
1 °° 
= (z = aj") b (z — ay” dz 
2ni Che Ps _ i 
ee 


: (z ~ ay"! dz (since the convergence is uniform). 
n= 2M Che 
Since (z — @)”"-"~! has an antiderivative for all z except when m = n, all the 
terms in the preceding expression drop out except when m = n, giving us 
b, 


RI eee Oe Pe 
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The uniqueness of the Laurent series is an important property because the 
coefficients in the Laurent expansion of a function are seldom found by using equa- 
tion (3). The following examples illustrate some methods for finding the Laurent 
series coefficients. 


EXAMPLE 7.7 Find three different Laurent series representations for 
f(z) = 342 + z — 2”) involving powers of z. 


Solution The function f has poles at z = -1, 2, and is analytic in the disk 
D:|z|< 1, in the annulus A: 1 <|z|< 2, and in the region R: |z|> 2. We will 
find a different Laurent series for fin each of the three domains D, A, and R. We 


start by writing fin its partial fraction form: 
14) fee 
G+ o@-9 142 21-2) 


We can use Theorem 4.8 and Corollary 4.2 to obtain the following representations 
for the terms on the right side of equation (14): 


a5) 7 => (-1)'z" valid for |z} < 
] aad (-1)"!! : 
(16) i iar valid for |z| > 1, 
(17) ue Se valid for es | <2, and 
— (2/2) n=0 Qn 
12 _< - . 
(18) . Tw ->= valid for |z| > 2. 


Representations (15) and (17) are both valid in the disk D, and thus we have 


zj <1, 


zs 1 
(19) f(z) = DD) Jin + ma valid for 


We 


which is a Laurent series that reduces to a Maclaurin series. In the annulus A, 
representations (16) and (17) are valid; hence we get 


ve ~]yitl oo yh 
(20) f= > cee Daan Valid for 1 < }z| <2. 
n=] ra n=0 


Finally, in the region R we can use representations (16) and (18) to obtain 
(- ly"! — Jn-l 


(21) fa) = valid for |z| > 2. 


n= 


EXAMPLE 7.8 Find the Laurent series representation for f(z) = (cos z — 1)/z* 
that involves powers of z. 
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Solution We can use the Maclaurin series for cos z — 1 to write 


lee Pe Le eee 
2! 4! 6! 
f= 4 
We formally divide each term by z* to obtain the Laurent series 
fl aly Moy lid for z 0 
2) Se _—— Vall OT Z . 
222 24 = 720 


EXAMPLE 7.9 Find the Laurent series for exp(—1/z?) centered at zp) = 0. 
Solution The Maclaurin series for exp Z is given by 

(22) expZ= > = valid for all Z. 

Using the substitution Z = —z~* in equation (22), we obtain 


oxe(=) = > > valid for |z| > 0. 


EXERCISES FOR SECTION 7.3 


1, Find two Laurent series expansions for f(z) = 1/(z* — z+) that involve powers of z. 
2. Find the Laurent series for f(z) = (sin 2z)/z* that involves powers of z. 
3. Show that 


1 1 1 
1G Sat games ear peer 
l-z = 


has a Laurent series representation about the point zo = / given by 


_ ] _ co dg a iy~! p : = 
f(z) = ie >> Guy valid for |z — i| > V2. 
4. Show that 

1-z ~ 1 

z-2. G- 


is valid for |z =] | > 1. Hint: Use the hint for Exercise 6 in Section 7.2. 
5. Show that 


Lz — Ze 


z-3 nao (Z — 1)" 


is valid for |z -1 | > 2. Hint: Use the hint for Exercise 7 in Section 7.2. 


msn 


10, 
11. 


12. 


13. 


14. 


15. 
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Find the Laurent series for sin(1/z) centered at a = 0. 

Find the Laurent series for f(z) = (cosh z — cos z)/z? thal involves powers of z. 

Find the Laurent series for f(z) = 1/[z*(1 — z)*] that involves powers of z and is valid 
for Jz] > 1, Hint: Wh - Os) FP = 2 - zp. 


. Find two Laurent series for z-'(4 — z)-* involving powers of z. Hint. Use the result of 


Example 7.6. 
Find three Laurent series for (<2 - 5z + 6)°' centered ata = 0. 
Let a and b be positive real numbers with b > a > 1. Show that 


—a al b" — q’ 


= 
Zo nt nz" 


Log 


holds for |z| > b. Hint: Loglz — a)(z — b) = Log[] — (a/z)] — Log[l — (b/z)]. 
Use the Maclaurin series for sin z and then long division to show that the Laurent series 
for csc z with a = O is 
1 oz 724 
CSC.2 StS ae 
<6 360 
Can Log z be represented by a Maclaurin scries or a Laurent serics about the point 
a = 0? Give a reason for your answer. 
Show that cosh[z + (1/z)] = = Anz”, where 


n= 


| on 
a, == [ cos 18 cosh(2 cos 8) d0. 
2m J 


Hint: Let the path of integration be the circle C: 
The Bessel function J,(z) is sometimes defined by the generating function 


if ] = 
exo: = +)| = » JAzt". 


Use the circle C: |z| = | as the contour of integration, and show that 


z[ = 1. 


1 {7 
JAz) = | cos(n8 — z sin 8) dQ. 
rT Jo 


. Consider the real-valued function u(@) = I/(5 — 4 cos 8). 


(a) Use the substitution cos 6 = (1/2)(z + I/z) and obtain 


=z of file at 2 
(2— 2)22-1) 31—e2 9 31-22" 


u(0) = fiz) = 


(b) Expand the function f(z) in part (a) in a Laurent series that is valid in the annulus 
1/2 < |z| <2 and get 


4+ : y 2 (ze + grey, 


(c) Use the substitutions cos(n8) = (1/2)(z” + 2-7) in part (b) and obtain the Fourier 
series for u(@): 


u(8) = » 2 7! cos(n8). 


al | 
wpe 
1 
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ne . nz" Converges in the annulus 
ry < [c] <r: where r) < 1 and 1] <r. Consider the real-valued function u(®) = f(e"). 
Show that (8) has the Fourier series expansion 


17. Suppose that the Laurent expansion f(z) = a 


F < . 1 (7 . ; 
u(O) = fel) = Ss a,e", where a, = 5a I ef (e'?) do. 


Ne oo 


18. The Z-transform. Let {a,} be a sequence of complex numbers satisfying the growth 
condition [an| < MR’ forn = 0,1,. . . for some fixed positive values M and R. Then 
the Z-transform of the sequence {«,,} is the function F(z) defined by 


Z{an}) = F(z) = a rr a 
Hel 
Prove that F(z) converges for |z| > R. 
19, With reference to Exercise 18, find Z({a,}) for the following sequences: 
(a) a, = 2 (b) a, = I/n! (c) ad, = Wr + 1) 
(d) a, = 1 when 7 is even, a, = 0 when n is odd 
20. With reference to Exercise 18, prove the shifting property for the Z-transform: 


Z({ayot}) = aI1Z({an}) — dol. 


21. Use the Weierstrass M-tcst to show that the series c_,(z — o)-” of Theorem 7.7 


hod 
n=] 


converges uniformly on the set (z: [z] = 5) as claimed. 
22. Show that the series in equation (7) converges uniformly for z € C>. 
23. Establish the validity of equation (8) by appealing to Corollary 4.2. 
24. Show that the series in equation (8) converges uniformly for z € C). 
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The point a is called a singular point, or singularity, of the complex function f if 
f(z) is not analytic at z = a, but every neighborhood D,(a) of @ contains at least 
one point at which f is analytic. For example, the function f(z) = 1/(1 — z) is not 
analytic at z = 1, but is analytic for al] other values of z. Thus, the point z = 1 isa 
singular point of f(z). As another example, consider g(z) = Log z. We saw in Section 
5,2 that g is analytic for all z except at the origin and at the points on the negative 
real axis. Thus, the origin and each point on the negative real axis is a singularity 
of g. 

The point @ is called an isolated singularity of a complex function f if fis not 
analytic at @, but there exists a real number RK > 0 such that fis analytic everywhere 
in the punctured disk D,(a). Our function f(z) = 1/(1 — z) has an isolated singularity 
at z = 1, but the singularity at z = 0 (or at any point of the negative real axis) is 
not isolated for g(z) = Log z. Functions with isolated singularities have a Laurent 
series, since the punctured disk D,(a) is the same as the annulus A(0, R, a). We 
now look at this special case of Laurent’s theorem in order to classify three types 
of isolated singularities. 
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Definition 7.5 Let f have an isolated singularity at & with Laurent series 
expansion 


fd = > ez — ay valid for all z € A(O, R, @). 


N= 


Then we distinguish the following types of singularities at 0: 


(i) ifc, = Oforn = —-1, -2, -3,..., then we say that f has a removable 
singularity at a. 

(li) If k is a positive integer such that c_, # O and c, = 0 forn = —k — 1, 
-k—2, -k—3,..., then we say that f has a pole of order k at a. 


(iii) If c, * 0 for infinitely many negative integers n, then we say that f has 
an essential singularity at a. 


Let us investigate some examples in the three cases that arise. 
(i) If fhas a removable singularity at @, then it has a Laurent series 


(1) fi) = > ez — a)" valid for all z € A(O, R, a). 

By Theorem 4.13, we see that the power series in equation (1) defines an analytic 

function in the disk Dr(a). If we use this series to define f(@) = cp, then the function 

f becomes analytic at z = a, and the singularity is ‘‘removed.”’ As an example, 
sin Z 


consider the function f(z) = —. It is undefined at z = 0, and has an isolated 


a 


singularity at z = 0. The Laurent series for fis given by 


sing Ifo 2 12 a 
f= ee a ee ay 
ee OMe ; 
= a Pe art valid for |z| > 0. 
We can ‘‘remove”’ this singularity if we define f(0) = 1, for then f will be analytic 
cosz — | : 
at 0 in accordance with Theorem 4.13. Another example is g(z) = ne which 


“ 


has an isolated singularity at z = 0. The Laurent series for fis given by 


a ae al ey ae 
8) = 5 ae tae 
1 2  z 
=-~+—-—-—+¢+--- valid for }z}] > 0. 
2 4! 6! 
If we choose to define e(0) = —+, then g will be analytic for all z. 


(ii) If f has a pole of order & at o, the Laurent series for fis given by 


(2) f(z) = Dd e,(z — a)” valid for all z € A(O, R, 0), where c_, # 0. 


Neo 
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SIN Z 


l 
3 2 
wm ~ 


For example, f(z) = 


has a pole of order 2 at z = 0. 
If f has a pole of order | at @, then we say that f has a simple pole at @. An 
example is 


gz) =~ e& 


ll 

fre ioe 
+ 
=o 


which has a simple pole at z = 0. 
(iii) If an infinite number of negative powers of (z — @) occur in the Laurent 
series, then f has an essential singularity, For example 


<a 
GV es aie Gis aig 


has an essential singularity at the origin. 


Definition 7.6 A function f(z) analvtic in Dg(a) is said to have a zero of 
order k at the point z = 0 if and only if 


(3) f(a) =0 forn=0,1,...,k — land f(a) ¥ 0. 


A zero of order one is sometimes called a simple zero. 


Theorem 7.10 A function f(z) analytic in Dp(@&) has a zero of order k at 


the point z = 0 if and only if its Taylor series given by f(z) = Ds CZ — a)" 
=0 
has i 


(4) co= ec, =-++ =e, =O and co #0. 


Proof Statement (4) follows immediately from equation (3) since we have 


£() 


n! 


Ci = according to Taylor’s theorem. 


EXAMPLE 7.10 We see from Theorem 7.10 that the function 


has a zero of order 3 at z = O. Furthermore, Definition 7.6 confirms this because 
f(s) = 22?cos z* + sin 2, 
f'(2) = —4e3sin 2° + 4z°%cos 2? + 2z cos 2’, 
f'"(@) = —8z4cos z* — 12z’sin 22 — 8z'cos z? 
+ 8z cos 22 — 42?sin <2 + 2 cos 2°. 


Clearly we have f(0) = f'(0) = f"(0) = 0, but 0 # f''"(0) = 2. 
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Theorem 7.11 Suppose fis analytic in Dg(@). Then f(z) has a zero of order 
k at z = 0 if and only if f can be expressed in the form 


(5) f(z) = (z — a)*g(z), 


where g is analytic at z = @, and g(a) ¥ 0. 


Proof Suppose that f(z) has a zero of order k at w. Using equation (4) of 
Theorem 7.10 we can write f(z) as 


(6) fiz) = 2, c,(Z — a)" 
= > c.(Z — a)” (by equations (4)) 
n=k 
= > Cn-Z — O"** (by reindexing) 
n=0 


=(z — a) > Chaz — 0)", where co # 0. 
n=0 


The series on the right side of equation (6) defines a function which we shall 
denote by g(z). That is, 


az) = > Car Z — O) = cE + > Cus Zz — @)" valid for all z in De(a). 
n=0 n=) 
By Theorem 4.13, g is analytic in Dg(@). Also, g(%) = c, #0. 
Conversely, suppose that f has the form given by equation (5). Since g(z) is 
analytic at z = ©, it has the power series representation 


(7) g(z) = > b,(z — a)", where g(&®) = by 4 0 by assumption. 
n=(0 


If we multiply both sides of equation (7) by (z — a)*, we obtain the following power 
series representation for f: 


f(z) = gz ~ a = D> bz — ay k = », by Az — OY". 


By Theorem 7.10, f(z) has a zero of order k at z = o, and our proof is complete. 


An immediate consequence of Theorem 7.11 is the following result. The proof 
is left as an exercise. 


Corollary 7.4 Jf f(z) and g(z) are analytic at z = a, and have zeros of 
orders m and n, respectively, at z = Q, then their product h(z) = f(z)g(z) has 
a zero of orderm+natz=aQ. 
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EXAMPLE 7.11 Let f(z) = z3sin z. Then f(z) can be factored as the product 
of z° and sin z, which have zeros of order m = 3, and» = 1 at z = O. Hence, 
z = Ois a zero of order 4 of f(z). 


Our next result gives a useful way to characterize a pole. 
Theorem 7.12 A function f(z) analytic in the punctured disk Dj(0) has a 
pole of order k at z = a if and only if f can be expressed in the form 


hz) 
(z — a” 


(8) f(Z= 
where h(z) is analytic at < = 0, and h(a) # 0. 


Proof Suppose that f(z) has a pole of order k at z = o&. The Laurent series 
for f can then be written as 
(9) f(z) S ( a)’ here #0 
CS Cy_-AZ ~ O)", where c_ ; 
(z oa ay n=0 : : 
The series on the right side of equation (9) defines a function which we shall denote 
by A(z). That is, 


(10) A(z) = > Cn_(Z — OY" for all zin D(a) = {2:0 < [z— a@| < R}. 
n=0 


If we specify that h(a) = c_,;, then A is analytic in all of Dg(a), with A(a) # 0. 
Conversely, suppose that f has the form given by equation (8). Since A(z) is 
analytic at z = & with h(a) # 0, it has a power series representation 


(11) A(z) = S) b,(z — @", where bp # 0. 

n=0 
If we divide both sides of equation (11) by (< — @)*, we obtain the following Laurent 
series representation for f: 


o> 


Ka = > bz — ay k = > by (Zz — A)" = po CAZ — &)", where c, = 5,4, 
n=O kK 


n= =~ 


Since c_; = bo ¥ 0, f(z) has a pole of order k at z = a. This completes the proof. 


The following results will be usefu) in determining the order of a zero or a 
pole. The proofs follow easily from Theorems 7.1! and 7.12 and are left as exercises. 


Theorem 7.13 
(i) If f(z) is analytic and has a zero of order k at z = Q, then giz) = 1/f(z) 
has a pole of order k atz = @. 
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(11) Uf f(z) has a pole of order k at z = Q, then g(z) = 1/f(z) has a removable 
singularity at z = a. If we define h(a) = 0. then A(z) has a zero of order 
katz=Q. 


Corollary 7.5 If f(z) and g(z) have poles of orders m and n, respectively, 
at z = Q, then their product h(z) = f(z)g(z) has a pole of order m + n at 
z= oO. 


Corollary 7.6 Let f(z) and g(z) be analytic with zeros of orders m and n, 

respectively, at z = O. Then their quotient h(z) = f(z)/g(z) has the following 

behavior: 

(i) fm > n, then h(z) has a removable singularity at z = a. If we define 

h(a) = 0, then h(z) has a zero of orderm — natz= a. 

(ii) Jf <a, then h(z) has a pole of ordern — matz =a. 

(iii) Zfm = n, then h{z) has a removable singularity at z = a, and can be 
defined so that h(z) is analytic atz = @ by h(a) = lim h(z). 


EXAMPLE 7.12 Locate the zeros and poles of A(z) = (tan z)/z and determine 
their order. 


Solution In Section 5.4 we saw that the zeros of f(z) = sin z occur at the 
points z = nm. where n is an integer. Since f’(mm) = cos nm # 0, the zeros of f are 
simple. In a similar fashion it can be shown that the function g(z) = z cos z has 
simple zeros at the points z = 0 and z = (n + 4)n where n is an integer. From the 
information given we find that A(z) = f(z)/g(z) has the following behavior. 

(i) A has simple zeros at z = nt wheren = +1,+2,.... 
(ii) A has simple poles at z = (#7 + +)x where n is an integer. 
(iii) fis analytic at 0 and lim h(z) # 0. 
<0 


EXAMPLE 7.13 Locate the poles of e(z) = 1/(5z* + 2622 + 5), and specify 
their order. 


Solution The roots of the quadratic equation 5Z? + 26Z + 5 = 0 occur at 
the points Z, = —5 and Z, = —1/5. If we use the substitution Z = z°, then we see 
that the function f(z) = 5z+ + 26z? + 5 has simple zeros at the points +i\/5 and 
+i/./5. Theorem 7.13 implies that g has simple poles at +/./5 and +i/,/5. 


EXAMPLE 7.14 Locate the poles of g(z) = (a cot mz)/z’, and specify their 
order. 
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Solution The functions z’sin mz and f(z) = (z? sin 1z)/(m cos 1z) have a 
zero of order 3 at z = O and simple zeros at the points < = +1, +2... . . Using 
Theorem 7.13, we see that g has a pole of order 3 at z = 0 and simple poles at the 


points z = +1,42,.... 


EXERCISES FOR SECTION 7.4 


Locate the zeros of the functions in Exercises 1 and 2, and determine their order. 


1, (a) (2 + 2°)" (b) sin? z {c) 22+ 2z+2 
(d) sin 2? (e) z* + 1027 +9 (f) 1 + expz 

2. (a) 24+ 1 (b) 23 exp(z — 1) (ec) 26 + 227° + 1 
(d) z* cos-z (e) 2b + 2 (f) 22 cosh z 


Locate the poles of the functions in Exercises 3 and 4, and determine their order. 


3. (a) (22 + I) (Zz - 14 (b) z> "(22 — 2z + 2)-* 
(ce) (2° + 1)°! (d) (27 + 23 — 227)! 
(e) (3z7 + 1027 + 3) ! (f) Gi + 2/z)-1(3 + 4/z)-! 
4, (a) zcotz (b) z~3sin z (c) (z?sin z)~! 
(d) z~'cse z (e) (1 — exp z)7! (f) z-Ssinh z 
Locate the singularities of the functions in Exercises 5 and 6, and determine their type. 
5. (a) z-7(z — sin z) (b) sin(1/z) 
(e) z exp(1/z) {d) tan z 
6. (a) (z° + z)7!sin z (b) z/sin z 
(ec) (exp z — 1)/z (d) (cos z — cos 2z)/z* 
For Exercises 7-10, use L’H6pital’s rule to find the limit. 
7 ii zc-l-i 8. Ii 2 - 2iz- 1 
: bese z+ 4 sei w+ 224+ 1 
1+ 2 inz + sinh z — 2z 
9. lim ——~ in 
cage ah. Shee s0) 2 
11. Let f be analytic and have a zero of order k at z. Show that f’(z) has a zero of order 
k— 1 atz. 
12. Let fand g be analytic at z) and have zeros of order m and n, respectively, at zp. What 


can you say about the zero of f + g at zo? 


. Let fand g have poles of order m and n, respectively, at zo. Show that f + g has either 


a pole or removable singularity at Zp. 


. Let f be analytic and have a zero of order k at z). Show that f’(z)/f(z) has a simple pole 
al ZH. 

. Let f have a pole of order k at zo. Show that f'(z) has a pole of order k + 1 at zy. 

. Establish Corollary 7.4. 17. Establish Corollary 7.5. 

. Establish Corollary 7.6. 19. Find the singularities of cot z ~ I/z. 

. Find the singularities of Log z?. 21. Find the singularities of — . 

sin(1/z) 
. If f(z) has a removable singularity at z), then prove that 1/f(z) has either a removable 


singularity or a pole at zo. 


3. How are the definitions of singularity in complex analysis and asymptote studied in 


calculus different? How are they similar? 
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7.5 Applications of Taylor and Laurent Series 


In this section we show how Taylor and Laurent series can be used to derive im- 
portant properties of analytic functions. We begin by showing that the zeros of an 
analytic function must be ‘‘isolated’’ unless the function is identically zero. A point 
a of a set 7 is called isolated if there exists a disk D,(a) about @ that does not 
contain any other points of T. 


Theorem 7.14 Suppose f is analytic in a domain D containing at © and that 
f(a) =0. Iffis not identically zero in D, then there exists a punctured disk D;(@) in 
which f has no zeros. 


Proof By Taylor’s theorem, there exists some disk Dg(a) about @ such that 


dane SL 
fo= 2 i 


tal 


(z - oy for all z € Drala). 


Now, if all the Taylor coefficients f'(a)/n! of f were zero, then f would be iden- 
tically zero on Dg(a). A proof similar to the proof of the maximum modulus prin- 
ciple given in Section 6.6 would then show that fis identically zero in D, contradicting 
our assumption about f. 

Thus, not all the Taylor coefficients of f are zero, and we may select the 
smallest integer k such that f"(a)/k! # 0. According to the results of the previous 
section, f has a zero of order & at o& and can be written in the form 


fiz) = (2 — a) gtz), 
where g is analytic at @ and g(a) # O. Since g is a continuous function, there exists 


a disk D,(a) throughout which g is nonzero. Therefore, f(z) # 0 in the punctured 
disk D?(a). 


The following corollaries are given as exercises. 


Corollary 7.7 Suppose that f is analytic in the domain D, and that a € D. 
If there exists a sequence of points {z,} in D such that z, > O, and f(z,) = 9, 
then f(z) = 0 for all ze D. 


Corollary 7.8 Suppose f and g are analytic in the domain D, where o € D. 
If there exists a sequence {z,} in D such that z,  Q@, and f(z,) = (zn) for all 
n, then f(z) = g(z) for allze€ D. 


Theorem 7.14 allows us to give a simple argument for one version of L’H6pital’s 
rule. 


Corollary 7.9 (L’H6pital’s Rule) Suppose f and g are analytic at a. If 
f(a) = Oand g(a) = 0, but g(a) # 0, then 
_ f(2) _ fe) 
lim Fay 
220 g(z) g(a) 
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Proof Since g’(a) # 0, g is not identically zero, so by Theorem 7.14, 
there is a punctured disk D(a) in which g(z) # O. Thus, the quotient 


fo = fo) — fo) is defined for all z € D(a), and we can write 
a(z) gz) — g(a) 


fO _ fO-f® _, YO-~fOVE- ew _ f@ 


lim lim —————— = ee ae 


axe} a(z) ate g(z) oF &(Q) Inu [g(z) _ g(a) ~ a) g'() : 


The following theorem can be used to get Taylor series for quotients of ana- 
lytic functions. Its proof involves ideas from Section 7.2, and we leave it as an 
exercise. 


Theorem 7.15 (Division of Power Series) Suppose f and g are analytic 
at & with power series representations 


i = > a,(z — 0)" and g(z) = > b,(z — oy for all z€ Dr(O). 


n=0 n=Q 
Tf g(a) # 0, then the quotient f/g has the power series representation 


(2) 

PO _ YS oye - a. 

g(z) n=0 

where the coefficients satisfy the equations 
An = boy + BiCyy + >> + bye) + bye. 


se PN ; i 
In other words, the series for the quotient 72 can be obtained by the familiar 
& - 


“ 


process of dividing the series for f by the series for 2 using the standard long 
division algorithm. 


EXAMPLE 7.15 Find the first few terms of the Maclaurin series for the func- 


T 
tion f(z) = sec zif jz | cere and compute f‘+)(0). 


Solution Using long division, we see that 


] | 1 + 4 + 4 ae 
sec 2 = —— = C88 oh a ae 
COS Z er er oy 2 24 
ee + feamees! = fates! Samael 
2! 4! 6! 
‘ : FAO) 3 
Moreover, using Taylor’s theorem, we see that if f(z) = sec z, then a ve so 


vague 


We close this section with some results concerning the behavior of complex 
functions at points near the different types of isolated singularities. Our first theorem 
is due to the German mathematician G. F. Bernhard Riemann (1826-1866). 
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Theorem 7.16 (Riemann) Suppose that f is analytic in Dia). If f is 
bounded in D,(Q), then either f is analytic at @ or f has a removable singularity 
at @. 


Proof Consider the function g defined as follows: 


 _ J — afc) when: # a, 
(1) gt) = | 0 when z = a. 


Clearly, g is analytic in at least D,(a). By straightforward calculation, 
2) — g(@ 
ees im 2 : = “ ) 


fog 


= lim (z — a)f{x) = 0. 
The last equation follows because fis bounded. Thus, g is also analytic at a, with 
g(a) = 0. 
By Taylor’s theorem, g has the representation 


(7) 
2) g2=> ae) (c- a)" forall ze D(a) 
n=2 Ae 


We can divide both sides of equation (2) by (z — «)? and use equation (1) to obtain 
the following power series representation for f: 


as On) cid (n+ 2) ) 
ee os ye® . n-2 dee a ” 
fe) ne ont ee 2, (n + 2)! ( e 
: 2 CGY 22: 
By Theorem 4.13, fis analytic at a if we define f(a) = 3 This completes the 
proof. 


The following corollary is given as an exercise. 


Corollary 7.10 Suppose that f is analytic in D(a). Then f can be defined 
to be analytic at o if and only if lim f(z) exists (and is finite). 


Tt 


Theorem 7.17 Suppose that f is analytic in Dj(a). The function f has a pole 
of order k at ., if and only if lim | flz)| = ©, 


Proof Suppose. first, that f has a pole of order k at a. Using Theorem 7.12, 
we can say that 
A(z) 
cana 


Ka) = 


where A is analytic at o, and A(a) ~ 0. Since 


lim |h(z)| = |A(o)| #0 and lim |(z — a] = 0, 
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we conclude that 


] 
lim | f(z)} = lim | A(z)| lim ——————— = & 
=m [F¢ | eat’ | | su | (z — ay | 
Conversely, suppose that lim |f(z)| = co. By the definition of a limit, there must 
. | 
be some 5 > 0 such that | f(<)| > 1 ifs € D,(o). Thus, the function g(z) = =~ is 


fe) 
analytic and bounded (by equation 1) in D3(a). By Theorom 7.16, we may define g 
at @ so that g is analytic in all of Ds(a@). In fact, 


1 
g(a%)| = lim —— = 0 
| | f(2)| 
so @ is a zero of g. We claim that @ must be of finite order, for otherwise we would 
SI gO) 


have g(a) = 0 for all n, and hence g(z) = >, ; 
n=0 A, 


Toe 


(c — a)” = 0 for all ze D3(@). 


l : fis eee . 
Since g(z) = FO is analytic in D.(Q), this is impossible, so we can let k be the order 


of the zero of g at a. By Theorem 7.13 it follows that f has a pole of order k, and 
this completes our proof. 


Theorem 7.18 The function f has an essential singularity at © if and only 
if lim |f(z)| does not exist. 


ro 


Proof We see from Corollary 7.10 and Theorem 7.17 that the conclusion 
of Theorem 7.18 is the only option possible. 


EXAMPLE 7.16 Show that the function g defined by 


we e- "when z # 0), 
Ber 1 0 whenz= 


is not continuous at z = 0. 
Solution In Exercise 27 of Section 7.2, we asked you to show this by 


computing limits along the real and imaginary axes. Note, however, that the Laurent 
series for g(z) in the annulus D°(0) is 


a ] 
ga =1+ S(-Is,, 


so that 0 is an essential singularity for g. According to Theorem 7.18, lim | g(<)| 
230 


does not exist, so g is not continuous at 0. 
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EXERCISES FOR SECTION 7.5 


1. 


10, 


11. 


12. 


MO 


Consider the function f(z) = z sin(1/z). 

(a) Show that there is a sequence (z,) of points converging to z = O such that 
fen) = Oforn = 1,2,3,.... 

(b) Does this contradict Corollary 7.7? 

Determine whether there exists a function f(z) that is analytic at z = 0 such that 


] 1 
f(t) =o and (ste) = forn = 1,2, .... 


Determine whether there exists a function f(z) that is analytic at z = 0 such that 


Determine whether there exists a function f(z) that is analytic at z = 0 such that 


(2) - (=) at forn=1,2,.... 
n n n 


Prove Corollaries 7.7 and 7.8. 

Prove Theorem 7.15, 

Let f(z) = tan z. 

(a) Use Theorem 7,15 to find the first few terms of the Maclaurin series for f(z) if 


[z| = 


(b) What are the values of f((0) and f'7(0)? 
Prove Corollary 7.10. 
Show that the real function f(x) defined by 


1 
xsin- whenx #0, 
x 


f(x) = 


0 when x = 0, 


is continuous at x = 0, but that the corresponding function g(z) defined by 


« 


1 
zsin- whenz=0, 

g(z) = z 
0 when z # 0, 


is not continuous at z = 

Write a report on analytic functions. Include a discussion of the Cauchy-Riemann equa- 
tions and the other conditions that guarantee that f(z) is analytic. Resources include 
bibliographical items 21, 39, 62, 72, 86, 155, and 161. 

Write a report on infinite products of complex numbers and/or functions. Resources 
include bibliographical] items 4, 19, 51, 129, 145, and 181. 

Write a report on the Bieberbach conjecture, Your report should be more of a narrative 
about the conjecture and its eventual proof. Resources include bibliographical items 49, 
73, 108, 148, and 189. 


Residue Theory 


8.1 The Residue Theorem 


The Cauchy integral formulae in Section 6.5 are useful in evaluating contour inte- 
grals over a simple closed contour C where the integrand has the form f(z)/(z — zo) 
and fis an analytic function. In this case, the singularity of the integrand is at worst 
a pole of order k at zp. In this section we extend this result to integrals that have a 
finite number of isolated singularities and lie inside the contour C. This new method 
can be used in cases where the integrand has an essential singularity at zp and is an 
important extension of the previous method. 

Let f have a nonremovable isolated singularity at the point zo. Then f has the 
Laurent series representation 


oa 


GQ) f(2)= > a,(z — Zo)" valid for 0 < 


N= 00 


z-x| <k 


The coefficient a_; of 1/(z — zo) is called the residue of f at zo, and we use the 
notation 


(2) ResLf, zp] = @_. 


EXAMPLE 8.1 If f(z) = exp(2/z), then the Laurent series (1) has the form 
2 2 2? 23 
f@ =exp(-J=lt+-+s5+ 5+ 


and we see that Res[f. 0] = 2. 


EXAMPLE 8.2 If g(z) = 5 


nN lo 


=e show that Res[g, 0] = 


2 
ig Pee Ss 


Solution Using Example 7.7, we find that g has three Laurent series rep- 
resentations involving powers of z. The Laurent series of the form (1) is given by 
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e(z) = s oy + ae valid for0 < [z] <1, 
y 


fe Dre 


Computing the first few coefficients, we obtain 


Therefore Res[g, 0] = 2. 


Let us recall that the Laurent series coefficients in equation (1) are given by 


1 ff dé 


(3) a, = ; forn = 0,+1,+2, ... 

( ) 2ni JC (é — zy"! 

where C = C)(z) = {z: | = 20 | = r} is any positively oriented circle with r < R. 
This gives us an important fact concerning Res|f, zo). If we set n = —1 in equation 


(3), then we obtain 


(4) I. fi dé = 2Mia_| = 2ni Res[f, Zo] 


where Zo is the only singularity of f that lies inside C. If we are able to find the 
Laurent series expansion for f given in equation (1), then equation (4) gives us an 
important tool for evaluating contour integrals. 


EXAMPLE 8.3 Evaluate f.. exp(2/z) dz, where C is the unit circle |z| = 1 
taken with positive orientation. 


Solution We have seen that the residue of f(z) = exp(2/z) at z) = O is 
Res[f, 0] = 2. Using equation (4), we find that 


2 ph 


ie exo(2) dz = 2ni Res[f, 0] = 4ni. 


é 


Theorem 8.1 (Cauchy’s Residue Theorem) Let D be a simply con- 
nected domain, and let C be a simple closed positively oriented contour that 
lies in D. If f is analytic inside C and on C, except at the points z), 22,.. ., 
Zn that lie inside C, then 


(5) i: f(z) dz = ani Res[ f, x]. 


The situation is illustrated in Figure 8.1. 
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FIGURE 8.1. The domain D and contour C and the singular points 
2, 22, + » >» Z in the statement of Cauchy's residue theorem. 


Proof Since there are a finite number of singular points inside C, 
there exists an r > O such that the positively oriented circles C, = C,(z,) (for k = 
1,2,...,) are mutually disjoint and all lie inside C. Using Theorem 6.5, the 
extended Cauchy-Goursat theorem, it follows that 


(6) [ fod=> |. fo dz 
¢ ke] ICY 


Since f is analytic in a punctured disk with center z, that contains the circle C;,, 
equation (4) can be used to obtain 


(7) I. f(z) dz = 2niRes[ fi xj fork = 1,2, ... .a. 
kK 
Using equation (7) in equation (6) results in 
is f(z) dz = 2ni >) Resi f. zl. 
k=] 


and the theorem is proven. 


8.2 Calculation of Residues 


The calculation of a Laurent series expansion is tedious in most circumstances. Since 
the residue at zp involves only the coefficient a. , in the Laurent expansion, we seek 
a method to calculate the residue from special information about the nature of the 
singularity at Zo. 

If f has a removable singularity at zo, then a_, = O forn = 1,2,.... 
Therefore if z) is a removable singularity, then Res[f, zo] = 0. 
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Theorem 8.2 (Residues at Poles) 


Gi) If f has a simple pole at zo, then 


(1) Reslf, zo] = lim(z — zo)f(z). 


(it) If f has a pole of order 2 at z, then 
a 
(2) Resl[f, xo) = Sues re (z — zo)*f(z). 
(iii) Ef f has a pole of order k at zo, then 
Ss 


i det 
(3) ResLf, zo] = Ta ath esi Lz — zo)f@)I- 


Proof If fhas a simple pole at zo, then we write 


hs Ep = + ay + ay(z — 2) + aoe — BY + 
a Zo 
If we multiply both sides of equation (4) by (z — zp) and take the limit as z > zp, 
then we obtain 
lim (z — z)f(z) = Tt {a_) + az — zw) + az — wr +-- 7] 
peeaety 


= a_, = Reslf 2). 


and equation (1) is established. 
Since equation (2) is a special case of equation (3), let us suppose that f has 
a pole of order k at z). Then f can be written as 


Oj0= te ot 


(= gy) gah Z- % 
If we multiply both sides of equation (5) by (z — zo)‘, then the result is 
(6) (2 — zohf(z) = aig + ++ + a_i(z — 20)! + aglz — 2) + 


We can differentiate both sides of equation (6) k — 1 times to obtain 


+ ag + az — 2) + - 


ax 
1 Tile - zo'f(2)) = (k — W'a_y + klag(z — 20) 
k +1)! 
+ eo au — zy + 


If we let z > zo in equation (7), then 
d*} ; 
lim “7 lee ~ FG] = (k ~ Dla, = (k~ 1)IResLf zo) 
ig GE 


and equation (3) is established. 
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T cot Mz 


EXAMPLE 8.4 Find the residue of f(z) = ane Taal at zp = 0. 


Solution We can write f(z) = (m cos 1z)/(z?sin 1z). Since z’sin mz has a 
zero of order 3 at z) = O, we see that f has a pole of order 3 at z = 0. Therefore 
using equation (3), we find that 


d2 
Res[ f, 0] = 5 lim Pas 5 hz cot Tz 


1 
= -lim— De cot %z — Wz csc?nz) 
2 -0 dz 


=m fim (mz cot mz — 1) cse?nz 


Tz cos TZ — sin TZ 
aL ca | Sameer none 
270 sin-wtz 
This last limit involves an indeterminate form and can be evaluated by using 
L’H6pital’s rule: 


; —n*z sin Tz 
Res[f, 0) = 1? lim ——-———_ 
:390 3% sin’Mz COS Tz 
=e Me 1 =i 
= —— lim lim = 
3. -50 Sin TZ :0 COS TZ 3 


EXAMPLE 8.5 Find fe [dz/(z* + 23 — 2z?)], where C is the circle 


taken with the positive orientation. 


= 3 


bd 
“ 


Solution The integrand can be written as f(z) = 1/{z*(z + 2)(z — 1)J. The 
singularities of f that lie inside C are simple poles at the points 1 and —2 and a pole 
of order 2 at the origin. We compute the residues as fojlows: 

Res[ f, 0] = lim =f 2f(z)) = lim eee 
: OC ae 2) 4° 
1 
Res[ f, 1] = lim (z — 1f(z) = MG 4). 3” 
1 -1 
Res[ f, ~2] = lim (z + 2)f(z) = lim >=——— = —. 
esis } pee ( ¥e) eae 2(z—- 1) 12 


The value of the integral is now found by using the residue theorem. 


a ee ee 
Gogh go Dee ue 4 3 124, 


The value 0 for the integra} is not an obvious answer, and all of the preceding 
calculations are required to find it. 
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EXAMPLE 8.6 Find fc (z+ + 4)! dz, where C is the circle |z — 1| =2 
taken with the positive orientation. 


Solution The singularities of the integrand f(z) = 1/(z+ + 4) that lie inside 
C are simple poles that occur at the points 1 + 7. (The points —1 + i lie outside C.) 
It is tedious to factor the denominator, so we use a different approach. If zp is any 
one of the singularities of f, then L’Hopital’s rule can be used to compute Res 
Lf, Zo] as follows: 


ee Se ee ee 
Rest ol = tn aed” Wa” ag 


Since za = —4, this can be further simplified to yield Res[f, zo] = (— 1/16)zo. Hence 
Res[f, | + #) = (~1 — 1/16, and Res[f. 1 — i] = (—1 + 0/16. The residue theorem 
can now be used to obtain 


| dz ({-l-i -1+i\) —-ni 
= 2ni| —— + =—, 
czt+4 16 16 4 


The theory of residues can be used to expand the quotient of two polynomials 
into its partial fraction representation. 


Lemma 8.1 Let P(z) be a polynomial of degree at most 2. If a, b, and c are 
distinct complex numbers, then 


Site ee ela 2G 
8) IO Coe - Oe ~ ©) g-a 2-b 2-6 

where 

ss Sa EO 

we Res fea) epee 

ce Weectehy hese ese 

= Res[f, ae eT eG, 

= ee ee 

C = Reslf el = a: 


Proof It will suffice to prove that A = Res[f, a]. We can expand f in its 
Laurent series about the point z = a by expanding the three terms on the right side 
of equation (8) in their Laurent series about z = @ and adding them. The term 
Al(z — a) is itself a one-term Laurent series. The term B/(z — b) is analytic at z = 
a, and its Laurent series is actually a Taylor series, 


B —B 1 — B 


z-b b-a psa mean 
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The expansion for the term C/(z — c) is given by 


= ) aoe A: (z — ay 
z-e¢ n=0 (c = ay'*! _ : 


(10) 
We can substitute equations (9) and (10) into equation (8) to obtain 


~ B Cc 
= Fesu 5 | & — ay. 


z-a_ nsol(b—ay'!  (e — aj"?! 


f(z) = 


Therefore A = Res[f, a], and calculation reveals that 


sine SO 
Res[f, a] = ae (2- biz-—c) (a ~ b\a—c) | 


3z +2 
EXAMPLE 8.7 Express f(z) = eo hes in partial fractions, 
Solution Computing the residues, we obtain 
Res[ f0] = 1, Res[f, 1] = —5, Res[f, 2] = 4. 
Therefore 


3z +2 1 5 4 


———__—_— = ——~ + . 
az-Wi2-2) 2 z~-1 2-2 


If a repeated root occurs, then the process is similar. 


Lemma 8.2 /f P(z) has degree at most 2, then 


P(z A B 
(fam sa ee 


z-arz-b) @—aP z-a z-b 


where A = Res{(z — a)f(z), a], B = Res[f, a], and C = Res[f, b]. 


z2+3z+2. : . 
EXAMPLE 8.8 Express f(z) = 7G-pD partial fractions. 


Solution Calculating the residues we find that 


2+ 3z+2 
Res[zf(z), 0} = lim ype — —2, 
270 ieee! 
d2+3z+2 
Res[ f, 0] = lim — ~~ 
20 dz z=] 
ae eS Grae 2) 
= lim ———_— = —- 5,7 
270 z—- 1¥ 
2+ 3z+2 
Res[f, 1] = lim —-————— = 6. 
zl 
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EXERCISES FOR SECTION 8.2 


Find Res| f,0} for the functions in Exercises 1-4, 


1, (a) zolexpz (b) z-%cosh 4z 
(c) cse z (d) (z2 + 4z + 5A 2? + 2 
2. (a) cotz (b) z~cos z (c) z7!sin z (d) (z? + 4z + 5¥/z° 
3. (a) exp(] + 1/z) (b) z*sin(1/z) (c) z-lese z 
4. (a) z-7esc z (b) (exp 4z — 1)/sin?z (c) 27 lese*z 


For Exercises 5-15, assume that the contour C has positive orientation. 


5. Find | . where C is the circle |z+ 1 —i| = 
6. Find |, = ie here C is the circle |z — i] = 2 
. Fi ————-——_., where C is the circle |x — 7] = 2 
2 7 2: + 2) WwW rele |Z t 
zdz 
7. Find I. a , where C is the circle |z| = 2, 
: sin z dz : ‘ 
8. Find : > where C is the circle |z| = 2. 
C 4z- — 1 


4 sin z dz : : 
9, Find . where C is the circle |z| = 2. 
cz2+ 1 


10. Find fc (z — 1)-*(z? + 4)°' dz along the following contours: 

(a) the circle jz| =4 (b) the circle |z - 1] = 
11. Find fe (<° + 1)-'dz along the following contours: 

(a) the circle |z — i] = + (b) the circle |z- (+ /2| = 

Hint: If z is a singularity of f(z) = 1/(z° + 1), then show that Res[f, zo] = (—1/6)zp. 
12. Find fe (z4 + 10z2 + 3)! i“ along the following contours: 


(a) the circle lz - i¥3] = z-W/3| =1 
13. Find fe (z? -— 2° - 227) | dz sieet the following contours; 
(a) the circle re [= + (b) the circle [z| = 4 
le 
14, Find | - —., where C is the circle |z| = 1. 
2sin z 
15. Find | —# . where C is the circle |z| = 1. 
16. Lets ad g nee an isolated singularity at zo. Show that Res[ f+ g. z] = Res[f. zu) + 
Res| g, ZI. 


17, Let fand g be analytic at zp. If f(z) # 0 and g has a simple zero at zy, then show that 


Ref Z ¢ 2| = Leo) ‘ 


8) 
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18. Use residues to find the partial fraction representations of the following functions. 


(a) ! b) 3z — 3 is z- 7z+ 4) 

+ 3+ 2 ea) “See eA) 

a) 10z ) 227 — 3z - 1 4) git3g-24 1 
ap ap ain pHa Re Cj an eae Rt kg So Ge 
2+ Ae +9) 0 Ee Oe + e+) 


19. Letf be analytic in a simply connected domain D, and let C be a simply closed positively 
oriented contour in D. If zo is the only zero of fin D and zy lies interior to C, then show 


that 
1 z 
aI. ft dk =k 
2ni Jc f(z) 


where k is the order of the zero at zp. 
20. Let f be analytic at the points z = 0, +1, +2... . . If g(z) = mf(z) cot az, then show 
that 


Res| g.n) = f(x) forn = 0,4),42,.... 


21. Write a report on how complex analysis is used in the study of partial fractions. Re- 
sources include bibliographical! items 10 and 63. 

22. Write a report on residue theorem. Include ideas and examples that are not mentioned 
in the text. Resources include bibliographical] items 22, 116, and 153. 


8.3 Trigonometric Integrals 


The evaluation of certain definite integrals can be accomplished with the aid of the 
residue theorem. If the definite integral can be interpreted as the parametric form of 
a contour integral of an analytic function along a simple closed contour, then the 
residue theorem can be used to evaluate the equivalent complex integral. 

The method in this section can be used to evaluate integrals of the form 


= 


a) ip F(cos 8, sin 6) dQ, 


where F(u, v) is a function of the two real variables uw and v. Let us consider the 
contour C that consists of the unit circle |z| = 1, taken with the parameterization 


(2) Crz 


i 


cos@+ isin®, dz = (—sin@ + icos0@)d0 for0 < 6 < 2n, 


Using 1/z = cos 8 — i sin 8 and (2), we can obtain 


| 1 1 1 z 
(3) cose =3(2+4), ino= 2 (2-2), and ee: 


i z, iz 


If we use the substitutions (3) in expression (1), then the definite integral is trans- 
formed into a contour integral 


> 


(4) I, F(cos @, sin 8) d0 = ii fle) de, 


where the new integrand is 
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) 


Suppose that fis analytic for |z| < 1, except at the points z), z2,. . ., z, that 
lie interior to C. Then the residue theorem can be used to conclude that 


=) 
Qe 
Nil— 
: 

fa 

+ 
fa f 
ne 
ae 
t 

qd 

[ 
i ey 


(5) f(z) = 


(6) [ ~ F(cos 8, sin 8) do = 2ni D. Reslf, x J. 
k=) 


The situation is illustrated in Figure 8.2. 


z=cos#+isiné@ 


re} Qe ——_———— 
0 4 
(a) The interval [0, 27} of (b) The contour C of 
integration for F(cos 8, sin 0). integration for f(z). 


FIGURE 8.2 The change of variables from a definite integral on [0, 27) to a 
contour integral around C, 


ri) = 
1+ 3cos?e — 


EXAMPLE 8.9. show that ‘i 


Solution The complex integrand f of equation (5) is given by 


fox ] _ —14z 
igh + atc] 3h + 1024+ 3° 

The singularities of f are poles that are located at the points where 3(z2)? + 
10(z*) + 3 = 0. The quadratic formula can be used to see that the singular points 
of f satisfy the relation z> = (—10 + \/100 — 36/6 = (—5 + 4)/3. Hence the only 
singularities of f that lie inside the circle C: \z| = | are simple poles located at the 
two points z; = if J/3 and z. = ~i/\/3. Theorem 8.2 with the aid of L’Hopital’s 
rule can be used to calculate the residues of f at z, (for k = 1, 2) as follows: 


Res| f. x] = 


| 
nis 
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Since z, = +i/./3 and 2? = —1/3, we see that the residues are given by Res[f, z] = 
~if(3(— 1/3) + 5) = —i/4, Equation (6) can now be used to compute the value of 
the integral 


[° do BP fact Sao! 7 
——_——— = 2ni|{—+—]=n. 
0 1+ 3 cos? 6 ' 4 4 


EXAMPLE 8.9* show that ix a 


a 
0 1 + 3 cos*t 


Solution Using a Computer Algebra System 
The indefinite integral, or antiderivative can be obtained by using software such as 
Mathematica or MAPLE. It is 


—arctan(2 cot f) 


a(t) = > 


Since cot 0 and cot 27 are not defined, the computations for both g(0) and g(27) are 
indeterminate. The graph s = g(t) is shown in Figure 8.3 and reveals another 
problem: g(f) has a discontinuity at t = 1. This is a violation of the fundamental 
theorem of calculus, which asserts that the integral of a continuous function over 
(0, 2%) must be continuous. The integration algorithm used by computer algebra 
systems (the Risch-Norman algorithm) gives the preceding antiderivative g(f) and 
al] mathematicians should beware. 


dt - —arctan(2 cot 7) 
1+ 3 cos? | 2 : 


FIGURE 8.3 Graph of s = ( 


The proper value for the definite integral can be obtained by using g(t) on the 
open subintervals (0, m) and (7, 2m) where it is continuous. Limits must be used 
over (0, 7) and (1, 27). Therefore, the value of the definite integral is 
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i dt -| dt =| dt 
0 1+ 3 cost © 1 + 3 cos’t x 1+ 3 cost 


= lim g(t) — lim a(t) + hint aly — ti a(t) 


lon” 


Oe i ee PE 
= r ret 


2n 
EXAMPLE 8.10 show that { ree tee 


z= cos 20+ isin20 and z~* = cos 20 — isin 20. 


We can solve for cos 26 and sin 20 to obtain the substitutions 
| | 
(7) cos 20 = ras +z") and sin 26 = Fi (2? — z77). 
i 


Using the substitutions in equations (3) and (7), we find that the complex integrand 
f in equation (5) can be written as 


a2 + 2-7) (zt + 1) 
iS — Ae+z-)] 2 - 222-1)" 
The Singularitics of f that lie inside C are poles that are located at the points 
z)=Oandx, =+. A Theorem 8.2 to calculate the residues results in 
da i(z* + 1) 
R 0] = li ze oo 
Sans af = Wy de 222 — Se +2) 


p cone - 52 + 2) — (4z — 5pz4 + 1) 5 
= in | — ry 


l 4 
90 2(2z7 — Sz + 2)? 


and 


Res[f, +] = lim (z — )f(2) = tim cS + 1) = ali 
12 V2 4g =~ 2) aa 


Therefore using equation (6), we conclude that 


ie cos 26 dé ae Si 17i\ 
0 5-4c0s0 ~~ \8 24) 6° 
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EXERCISES FOR SECTION 8.3 


Use residues to find the following: 


Fi [ d0 7 bs 5: ie 
" Jo peters? “2 0 Hows 
Tt 
a he Wasi «|r ee 
5. ii _sin'@d@ on a8 _sin?6 dO 
0 ee 4 0 ae one 
L -3 ote 
0 (5 + 3 cos 0) +3cos6) 32 0 (5+ 4cos 6 
ike cos20d0 ot io [eee cos 26 d@ 
0 ae 0 ie aed 
_ on 
ie s of 
0 (1 + 3 cos?0)? + “ cos?0)? 8 © (L+ . sab! 
_cos?30 db _ a6 3n °" _cos?30 db _ 236 d0 
13. ih =— 14. i 
0 ae 8 5 — 3 cos 20 
15. ——— ete a 
a aie Ve -@—-Ph 
where a, b, and d are real and a? + b? < 
16 ie dé - 2n 
“Jo acosé+bsint0+d /at+d)\(b+d)’ 


where a, b, and d are real anda > dandb>d 
17. Compare the complex analysis methods for evaluating trigonometric integrals and the 
methods learned in calculus. 


8.4 Improper Integrals of Rational Functions 


An important application of the theory of residues is the evaluation of certain types 
of improper integrals. Let f(x) be a continuous function of the real variable x on the 
interval 0 <= x < o. Recall from calculus that the improper integral of f over [0, >) 
is defined by 


es b 
{ Ff) dx = lim [ F(x) dx 
0 b-s00 JO 


provided that the limit exists. If fis defined for all real x, then the integral of f over 
(—»e, c°) is defined by 


a | S@) dx = lim [ f(x) dx + tim | F(x) dx 


de 


provided that both limits exist. If the integral in equation (2) exists, then its value 
can be obtained by taking a single limit as follows: 


= R 
| fx) dx = lim | f(x) dx. 
= aaa 
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However, for some functions the limit on the right side of equation (3) exists when 
definition (2) does not exist. 


R 
EXAMPLE 8.11 lim | go at = lim [R*/2 — (~R)?/2] = 0, but the improper 
Re J Row 


integral of f(x) = x over (—©, o7) does not exist. Therefore equation (3) can be used 
to extend the notion of the value of an improper integral and motivates us to make 
the following definition. 


Let f(x) be a continuous real valued function for all x. The Cauchy principal 
value (P.V.) of the integral (2) is defined by 


ee R 
(4) P-L. | f(x) dx = lim % F(x) dx 
ste aia 
provided that the limit exists. Therefore Example 8.11 shows that 


pv. | x dx = 0. 


EXAMPLE 8.12 


[- dx ; [" dx 
= hm 5 
-o XH? + 1 Roe JR? + 


= lim [arctan R — arctan(—R)] 


hed 


If f(x) = P(x)/Q(x), where P and Q are polynomials, then fis called a rational 
function. Techniques in calculus were developed to integrate rational functions. We 
now show how the residue theorem can be used to obtain the Cauchy principal value 
of the integral of f over (—»9, ). 


Theorem 8.3 Let f(z) = P(z)/Q(z) where P and Q are polynomials of degree 
mand n, respectively. If Q(x) ¥ 0 for all real x and n = m + 2, then 


TOPO) gen. poe gee 
(5) PV. i OC) dx = 2ni > Res| O° | 


where z\, Z2,- +». Zk-1, and z are the poles of P/Q that lie in the upper half 
plane. The situation is illustrated in Figure 8.4. 
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R 


FIGURE 8.4 The poles z), 72... . , % 1, 2, of P/Q that lie in the upper half plane. 


Proof Since there are a finite number of poles of P/Q that lie in the upper 
half plane, a real number R can be found such that the poles all lie inside the contour 
C. which consists of the segment —~R < x < R of the x axis together with the upper 
semicircle Cr of radius R shown in Figure 8.4. Property (17) in Section 6.2 can be 
used to write 


R P(x) i P(z) i P(z) 
6 { —dx= | —-dz- dz. 
© Je 9a = IcQ@ * ~ Ja oe 
The residue theorem can be used to express equation (6) in the form 
i PUR se : P [ P(z) 
(7) ie OW) dx = 2ni > Res 2 : s| CO} dz. 


The result will be established if we can show that the integral of P(z/Q(z) 
along Cr on the right side of equation (7) goes to zero as R — oo. Since we have 
n =m + 2, the degree of the polynomial Q(z) is greater than the degree of zP(z). 
Suppose that 


PCZ) = Gy 2" + Gyiyz™-!) +o + az + ay 
and 

Q(z) = bz" + baz) + + + biz + bo. 
Then 

P(z) = z"P,(z), where 

P\(Z) = Gy + Gm iyz7) Fe + aye! + agz>”, 
and 

Q(z) = 2"Qi(z), where 

Qi(z) = by + byipzr) tH Byer # bz". 
Therefore we have 
cP(z) 2" |Py(z) 


8) = : 
a Q(z) 2"0)(z) 
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Since P\(z) > a,, and Q,(z) > b, as |z| > e% and n = m + 2, we can use equation 
(8) to see that 


on 0 as |z|—> © 
Therefore for any € > 0 we may choose R large enough that 
2P(z) € 
Q(z) rt 
whenever z lies on Cr. Therefore we have 
P(z) £ 


€ ; 
= — whenever z lies on Cp. 
m\z| mR 


(9) 


Oz) 
Using the ML inequality of Section 6.2 and the result of inequality (9), we obtain 
the estimate 


Ce Oz) “| Jee aR 


Since € > 0 was arbitrary, inequality (10) shows that 


: P(z) 
HW) 1 { oS) dz = 0. 
ae eae 


We can use equation (11) in equation (7) and use definition (4) to conclude that 


ge eee eae 
P.V. i: 60 FE _ Dixy & = 2H 2; Res ore 


and the theorem is proven. 


€ 
(10) dz| = — mR=e. 


TR 


EXAMPLE 8.13. show that | 


= dx _t 
~(?4+D)02+4) 6 


Solution The integrand can be written in the form 


] 


MO = Cyne De + DE = W’ 


We see that f has simple poles at the points z; = 7 and z2 = 2i in the upper half- 
plane. Computing the residues, we obtain 
i 


Res[ f, i] = = and Res{f, 2i) = 5. 


Using Theorem 8.3. we conclude that 


[- dx i | 3 
————___—— = 2ni| — + =) = 2. 
~2 (x? + 1)? + 4) 6 12/7 6 
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dx 3n 


EXAMPLE 8.14 show that [_ ==. 


Solution The integrand f(z) = 1/(<? + 4)3 has a pole of order 3 at the point 
2) = 27. Computing the residue, we find that 


Res[f, 27] = u lim a 
il 2 2 dz* (z + 2i) 
Sit 
2 2; dz (z + 27)4 
1. 12 ~3i 
= - lim — = —— 
252% (z + 27 512 
¢ i dx fo OP 
Therefore OLED! = oT 5 = 356 


EXERCISES FOR SECTION 8.4 


Use residues to establish the values of the integrals in Exercises 1~15. 


~ x dx x ~ de 
e ie @hise  § 2. ie x = 16 
Re eer ae 
3. is Zao =0 4, ii ie a: = dx 
err tae eee 
eo a 1 = yg. 
a il, wea 8. La 
ne x+2 
eae (e+ 7 (+4) 9 me Ree cesta 
2 4 Ss 
~ Pp ae Paty aoa e ye: [- oo ; 
13. =. — 20 


™ 
— a rm 
(a (x2 + a ae +b - abla #bye where a > Oand b > 0 
x dx £7 
i —* + ay aaa where a > 0 


8.5 Improper Integrals Involving Trigonometric Functions 


Let P and Q be polynomials of degree m and n, respectively, where n = m + 1. If 
Q(x) ¥ 0 for all real x, then 


v. |" BOD Senay and pv. | POD sey 
-= Q(X) OW) 
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are convergent improper integrals. Integrals of this type are sometimes encountered 
in the study of Fourier transforms and Fourier integrals. We now show how these 
improper integrals can be evaluated. 

It is of particular importance to observe that we will be using identities 


(1) cos(ax) = Re[exp(7ax)] and sin(ax) = Im[exp(iax)] 


where © is a positive real number. The crucial step in the proof of Theorem 8.4 will 
not hold if cos(a@z) and sin(az) are used instead of exp(iaz). Lemma 8.3 will give 
the details. 


Theorem 8.4 Let P and Q be polynomials with real coefficients of degree 
m and n, respectively, where n = m + 1, and Q(x) # 0 for all real x. If 


a > 0 and 
. exp(iaz)P(z) 
? SS 
(2) f@ Oo 
then 


(3) PV. - en Come dx = —2n » In( Res Lf :1) and 


O(x) 


where Zz), Z2,. - -, Ze — i» 2 are the poles of f that lie in the upper half-plane 
and where Re(Res[f, z)]) and Im(Res|f, z)J) are the real and imaginary parts 
of Res[f, z], respectively. 


(4) PY. ix ges) sin(ax) dx = —2n >  Re( Res Lf aa) 


The proof of the theorem is similar to the proof of Theorem 8.3. Before we 
turn to the proof, let us first give some examples. 


EXAMPLE 8.15. Show that P.V. js. 


‘lA 


Solution The function f in equation (2) is f(z) = z exp(iz)(z2 + 4) 
and has a simple pole at the point z; = 2/ in the upper half-plane. Calculating the 
residue results in 

zexpliz)  2ie~? 1 


Res[f. 2i] = 7 errr =a = B3 


Using equation (4), we find that 


> xsinx dl 
pv. | ae = On Ref{Restf 21}:= —. 
~~ ye + 4 e 
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= cos x dx _ A(cos 1 + sin 1) 


EXAMPLE 8.16 show tha | “*4 x 


Solution The complex function f in equation (2) is f(z) = exp(iz)/(z* + 4) 
and has simple poles at the points z} = 1 + i and z2 = —1 + i in the upper half- 
plane. The residues are found with the aid of L’H6pital’s rule. 


Repeat 


rolt+i Fad +4 0 
li {1 + iz — 1 — Djexp(iz) 
= lin -—-——_—_ 
role 423 
_ exp(—1 +1) _ sini — cos 1 — (cos 1 + sin 1) 
~ A + i 16¢ ; 
Similarly, 
RRiGer eae cos 1 — sin] — i(cos 1 + sin ue 


l6e 
Using equation (3), we find that 


[ = = —2n{Im(Res[ f, 1 + iJ) + Im(Res|f, —1 + i) 
-mo WF + 4 


_ m(cos 1 + sin 1) 
4e , 


We now turn to the proof of Theorem 8.4, a theorem that depends on the 
following result. 


Lemma 8.3 (Jordan’s Lemma) Let P and Q be polynomials with real 
coefficients of degree m and n, respectively, where n = m + 1. If Cpr is the 
upper semicircle z = Re® for0 < ®@ S &, then 


. exp(iz)P(z) , 
(5) ni [., eae dz = 0. 


Proof Sincen =m + 1, it follows that | P(zVQ(z) | > 0 as |z| > ~. There- 
fore for € > 0 given there exists an R, > O such that 
P(z) 
O(z) 


Using inequality (22) of Section 6.2 together with inequality (6), we obtain the 
estimate 


=o whenever [z| = R,. 


(6) 


IZ)P(z ; 
Mm) [rere ae | = JE letllael. where R = R,. 
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The parameterization of Cz leads to the equations 
(8) | dz | =Rd® and |et| =e% = eK inn, 


Using the trigonometric identity sin(a — 8) = sin @ and equations (8), we can express 
the integral on the right side of inequality (7) as 
ae e {* 2e (rv? 
(9) | = | e* || dz | = ef e7R sim *R QQ = — e Fsm oR do. 
Cr Tl mT JO nm #0 


On the interval 0 < @ < 1/2 we can use the inequality 
20 
(0) Os an < sin 0. 


We can combine the results of inequalities (7) and (10) and equation (9) to conclude 
that, for R = R,, 


iz)P(z) dz 2e (7? 
| explic)P(z) dz < 2 | e7 2RinR dé 
Cr Oz) a IO 
= —ge7 2K a aa 


Since € > 0 is arbitrary, Lemma 8.3 is proven. 


Proof of Theorem 8.4 Let C be the contour that consists of the segment 
—-R <x <= RK of the real axis together with the semicircle Cg of Lemma 8.3. Property 
(17) of Section 6.2 can be used to write 


a) is exp(iox)P(x) dv _ { exp(ioz)P(z) dz _ [ exp(iaz)P(z) dz 

-R Ox) Ca Q(z) Cr Az) 
If R is sufficiently large, then all the poles z), z2,. . . , z, of f will lie inside C, and 
we can use the residue theorem to obtain 

. (foLx) P(x) d ‘ 12)P(z) dz 
(12) APUG ne pepe ee [ expliax)P(z) de 

-R Q(x) j=) : Q(z) 
Since @ is a positive real number, the change of variables Z = az shows that Jordan’s 
lemma holds true for the integrand exp(iaz)P(z/Q(z). Hence we can let R - © in 
equation (12) to obtain 
(13) pv.) [cos(ax) + i sin(ax)]P(x) dx 


k 
= Oni Pog. 
a Ow) 2ni > Res[f. z;] 


k 
= —2n >) Im(Res[f, z]) 
iA 
k 
+ 2ni >) Re(Res|f, z))). 
j=] 


Equating the real and imaginary parts of equation (13) results in equations (3) and 
(4), respectively, and Theorem 8.4 is proven. 
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EXERCISES FOR SECTION 8.5 


Use residues to find the integrals in Exercises 1-12. 
1. i: cosxdx “ al” sin x dx _ 


n 
= PHD FT Jee +O 


> PV. [- x ee x dx wer [ x = x dx 
-~ xe +9 -- ye t+ 9 
3 [ xsinxdx 0 ‘* [ cos x dx 
" Lo G2 + 472 4e? -- (2 + 4) 
i __cosxdx aft ood 6. c __cosxdx 
-o (x2 + (2 + 402 + 9) +9) §\2e? 3e3 ~6 G2 + DOe + 4) + 1)(x? + 4) 
a _cosxdx  _ moos 1 8 = cos x dx 
--P—2xt+5 2 * Jew x? — dx t+ 5 
j [ xsinx dx _ m sin | ia pv. | x? sin x dx 
-~ yt+4 2e -o yi +q 
ies . oe 3 ef 
a | 8 2x dx _f is 2 io: Re: | x3 sin 2x dx 
~~ x? + 2x + 2 e -- xw+4 


13. Why do we need to use the exponential function when evaluating improper integrals 
involving the trigonometric functions sine and cosine? 


8.6 Indented Contour Integrals 


If f is continuous on the interval b < x < c, then the improper integral of f over 
(b, c] is defined by 


[fo dx = lim [4 dx 
? robt r 


provided that the limit exists. Similarly, if f is continuous on the interval 
a <= x <b, then the improper integral of f over [a, b) is defined by 


b R 
(2) F(x) dx = lim | F(x) dx 
a Rob” Ja 


provided that the limit exists. For example, 


9 dx 7 ee 
= lim = lim 7=3- lim Jr = 3. 
j Delhi roo sr 2/x oO [v3|; es ro0- “ 


Let f be continuous for all values of x in the interval [a, c], except at the value 
x = b, where a < 6 < c. The Cauchy principal value of f over [a, c] is defined by 


bo-r 


© Cc 
(3) pv. | f(x) dx = lim fix) dx + ik fx) ax| 
a r>0' a 7 


provided that the limit exists. 
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EXAMPLE 8.17 
8 dx : “Tax 
P.V. gig iim i oh a 


3 3 3 9 
—-} Oey) nen ay mn os (ea 
tim (3, 2 ae | 2 


In this section we extend the results of Sections 8.4 and 8.5 to include the 
case in which the integrand f has simple poles on the x axis. We now state how 
residues can be used to find the Cauchy principal value for the integral of f over 


(-°, oo), 


] 
5 


Theorem 8.5 Let f(z) = P(zV/Q(z) where P and Q are polynomials with 
real coefficients of degree m and n, respectively, where n = m + 2. If Q has 
simple zeros at the points t), t2,. . ., t; on the x axis, then 


ov k ‘§ 
(4) BY. | BOE 5 > Res| fz] + i > ResLf §) 
~~ Q(x) 1 jo 


where 2, Z2,. - ., 2 are the poles of f that lie in the upper half-plane. 
Theorem 8.6 Let P and Q be polynomials of degree m and n, respectively, 


where n =m + 1, and let Q have simple zeros at the points t,, to,. . ., t; on 
the x axis. If & is a positive real number and if 


exp(iaz)P(z) 
5 2) ea oe 4 
(5) f(z) Ol) 
then 
fe I 
(6) P.V. ‘| ees ox dx = — 2n > Im(Res[f, z])—-7 Im(Res| f, §)]) 
ee =1 J=l 
an 
k ft 
(7) PV. pe a sin Ox dx = 20 > Re(Res|[f, z]) + 7 > Re(Res|f, 4]), 
=I jel 
where Z|, Z2,. . ., 2 are the poles of f that lie in the upper half-plane. 


Before we prove Theorems 8.5 and 8.6, let us make some observations and 
look at some examples. First, the formulas in equations (4), (6), and (7) give the 
Cauchy principal value in the integral. This answer is special because of the manner 
in which the limit in equation (3) is taken. Second, the formulas are similar to those 
in Sections 8.4 and 8.5, except that here we add one-half of the value of each residue 
at the points f), f,. . ., t; on the x axis. 
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EXAMPLE 8.18 show thap.v.{ 2% = 72. 


Solution The complex integrand 


Me ak De PL ae Pl ie 


has simple poles at the points ¢; = 2 on the x axis and z; = —1 + i./3 in the upper 
half-plane. Now equation (4) gives 


- xd 
PV. | = = = 2ni Res[f, 21) + mi Res f. t) 
bs ee 


_,  -l-iv3 , 1 43 

= 2hi —— 5 + Bie = 6 ¢ 

= tdt [3 

EXAMPLE 8.18* Show that | ee 


Solution Using a Computer Algebra System 
Mathematica and MAPLE give the following indefinite integral: 


}+t 
arctan Wi ) , Lost = 2) , Log? + 21 + 4) 
2/3 6 12 


al) = 


Logl(t — 2)7] 


However, for real numbers, the second term should be rewritten as 1D 


and we can use the following equivalent formula: 
1+f 
arctan) ——— 


Re} ) , Logit - 27] re Log(@? + 22+ 4) 
2/3 12 12 


a(t) = 


tdt 
e-— 80 


FIGURE 8.5 Graph of s = g(t) = | 
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This choice produces a graph that is continuous in the extended real numbers, 


e., lim g(t) = —e, as shown in Figure 8.5. The limits when ¢ approaches infinity 
t>2 
are 
pe 
us —1n/3 
lim g(t) = and lim g(t) = 5 ; 
flr lore “a 


and the Cauchy principal limit at t = 2, as r > 0 can be shown to be 


lim [g(2 + 1) — g(2 — r)] = 0. 
ro0' 


Therefore, the Cauchy principal value of the improper integral is 


[ tdt . i tdt [ tdt 
PV. —— = lim = + 
--P-8 po [J-- B—-8 Jar —-8 


= lim g(t) — lim [g(2 + r) — g(2 — Fy) -— lime(n 
i r30" [90 
3 /3 
nJ/3 re Ty 3 i Ny . 


12 12 6 


II 


EXAMPLE 8.19 show that P.V. LS s- (cox - 5). 


Solution The complex integrand f(z) = exp(iz)/[(z — !)(<? + 4)] has simple 
poles at the points t; = 1 on the x axis and z; = 2/ in the upper half-plane. Now 
equation (7) gives 


7 sin x dx 
er We ANP AL AK eZ oe : 
P.V | sx = De +4) 2n Re(Res[f, z:]) + 2 Re(Res[ f, t,)) 


ORR —2+i er ‘cos 1 + isin 1 
20e? 5 


ll 
wala 
Q 
9° 
wn 
| 
%,[- 
te 
ae 


The proofs of Theorems 8.5 and 8.6 depend on the following result. 


Lemma 8.4 Let f have a simple pole at the point ty on the x axis. If the 
contour is C: 2 = ty + re” forO S$ 0 S10, then 


(8) lim I. f(z) dz = im Res[f, to]. 
rp 


Proof The Laurent series for f at z = fp has the form 


R 
(9) fle) = RL SEI + a0 
10) 
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where g is analytic at z = fy. Using the parameterization of C and equation (9), we 
can write 


ire’ d@ =. {* ede 
Res[f. fo] see +r F g(to + ree dB 


(10) I. f(z) dz 


nm 


in Res{ f, to] + ir | e(to + re®)e” dd. 


0 


Ul 


Since g is continuous at fo, there is an M > 0 so that | g(t) + re”)|< M. Hence 


< tim r |” M do = lim reM = 0. 


r>0 r0) 


lim ir [ (to + eye’ dd 


rot 


(11) 


When inequality (11) is used in equation (10), the resulting limit is given by equation 
(8), and Lemma 8.4 is proven. 


Proof of Theorems 8.5 and 8.6 Since f has only a finite number of 
poles, we can choose r small enough so that the semicircles 


Ciz=t t+ re® forOs@snandj=1,2,....,1 


are disjoint and the poles z), 22,. . . . 2; of fin the upper half-plane lie above them 
as shown in Figure 8.6. 


v 


I fy to t 
FIGURE 8.6 The poles 1. ft... . , ¢, of f that lie on the x axis and the poles <). 
Z2,. .. , zy that lie above the semicircles Cj, C2... . , Cy. 


Let R be chosen large enough so that the poles of fin the upper half-plane lie 
under the semicircle Cr: < = Re for 0 < 6 < 7 and the poles of f on the x axis lie 
in the interval —R s x < R. Let C be the simple closed positively oriented contour 
that consists of Cg and —C,, —C2,. . ., —C; and the segments of the real axis that 
lie between the semicircles as shown in Figure 8.6. The residue theorem can be used 
to obtain 
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, k 
(12) i fl) dz = 2ni Dd Res(f. zy). 
j=l 


Equation (12) can be written as 


k / 
(13) I f(x) dx = 2ni p> Res[f, z;] + > [. f(z) dz - He fz) dz 
R J= J= i R 


where Jp is the portion of the interval -R S x S R that lies outside the intervals 
(tj — rt + r)forj = 1,2,...,2 The proofs of Theorems 8.3 and 8.4 show that 


(14) lim I. f(z) dz = 0. 
Rg 


Rox» 


If we let R — - and r > O in equation (13) and use the result of equation (14) and 
Lemma 8.4, then we obtain 


Fs k ! 
(5) PY. | fx) dx = 2ni > Res[ fz] + mid) Rest f, t). 
~e j=l jel , 
lf fis given in Theorem 8.5, the equation (15) becomes equation (4). If fis given 


in Theorem 8.6, then equating the real and imaginary parts of equation (15) results 
in equations (6) and (7), respectively, and the theorems are established. 


EXERCISES FOR SECTION 8.6 


Use residues to compute or verify the integrals in Exercises 1-15. 


a lx ~  Y 
1. pv.| pie ee 2. PV. = 
o M(x ~ Lx — 2) ewe tx 
3. BV. is Bs I. 4. PV. [ gs 
~~ +) Y3 -= xi + |} 
ey dx T ~ ot dx 
. PY. meee 6. pv. | 
en, es 2 -0 Xo — | 
7. PY. is LLU 8. P.V. ie Ean 
—e x Xe > x. 
= sinxdx 2 oie 
9, pv. eet 10. pv. | aL 
X(T — x) OT TP — Axe 
iL. pv. | sinxdx Sete 1) . pv. | Aes ee 
xi + xe + 1) e ~o Xo + Bx + 2 
13. pv. | ELLEAL Se eer a 14. pv. | es ee 
~o x oo 104 


i 
—~ 7 cos 2x. 


ral 


sin? x dx de : : He A photon 
15. ow fe = 1. Hint: Use the trigonometric identity sin-x = 
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8.7  Integrands with Branch Points 


We now show how to evaluate certain improper real integrals involving the inte- 
grand x“P(x)/Q(a). Since the complex function z* is multivalued, we must first 
specify the branch that we will be using. 

Let @ be a real number with 0 < o < 1. Then in this section we will use the 
branch of z* defined as follows: 


(1) 2 = evllnrsi®) = pcos © + isin ad), where 0 < 6 < 2n. 
Using definition (1), we see that z* is analytic in the domain r > 0,0 < 6 < 2n. 
Theorem 8.7 Let P and Q be polynomials of degree m and n. respectively, 


where n =m + 2. If Q(x) # 0 for x > 0 and Q has a zero of order at most | 
at the origin and 


Z"P(z) 
2 z= , WhereO<a<l, 
(2) f( OW 
then 
~ x4 P(x) dx 2ni ‘ 
3 V. { ——— = > — >, Resi fiz 
(3) Oe eee »> esl x] 
where 2, 22,. . . . .%, are the nonzero poles of P/Q. 


Proof Let C denote the simple, closed, positively oriented contour that con- 
sists of the portions of the circles |z| = rand |z| = R and the horizontal segments 
joining them as shown in Figure 8.7. A small value of r and a large value of R can 
be selected so that the nonzero poles 7, z2,. . . , zx, of P/Q lie inside C. 


FIGURE 8.7 The contour C that encloses all the nonzero poles 
za... , Ze Of P/Q. 


as 


8.7 —_Integrands with Branch Points 271 


Using the residue theorem, we can write 


, 
(4) : fiz) dz = 2ni > Res| f, z)J. 
= 


If we let r — 0 in equation (4) and use property (17) of Section 6.2 to express the 
limiting value of the integral on the lower segment, we find that equation (4) 
becomes 


R : R yupiu2n k 
Ear = | pe see A = 2ni > Res| f. 3] — I. F(z) dz, 


0 Q(x) v Ox) 
which can be written as 
®eP(xy)dx_ —2ni_— | 
" j Ox) ~ 1 — eta > Res| f, 3] ] — even Cr Ff() dz. 


Letting R — oe in equation (5) results in equation (3), and Theorem 8.7 is established. 


, where O<a< |, 


EXAMPLE 8.20 Show that P.V. i eee 


ov xx+1) sinan 


Solution The complex function f(z) = z/[z(z + 1)] has a nonzero pole at 


the point zc; = —1. Using equation (3) we find that 
ie ae dx = 2m ; Res| f, =fj = 2ni : (=) 
oxat 1) J — ee Leer aa 
Sys oe ee 
em — g-4"  sin aT” 
ete 


The preceding ideas can be applied to other multivalued functions. 


~ In x dx nina 


EXAMPLE 8.21 show that P.V. I nae 2 Gees 


0 x + g 2a 


Solution Here we use the complex function f(z) = Log z/(z* + a*). The 
path C of integration will consist of the segments [—R, —r] and [r, R] of the x axis 
together with the upper semicircles C,: z = re* and Cr: z= Re’ for0 <= @ <= mas 
shown in Figure 8.8. 
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R r R 


FIGURE 8.8 The contour C for the integrand f(z) = (Log z)/(z* + a’). 


The residue theorem can be used to write 
] 2 
(6) [ f(z) dz = 2ni Res[f, ai] = Tae + jo ; 
J a 2a 
The inequality 
pe Seen Sere 


: i Re® d0| < 
0 Ree + g2 R2-— @ 


and L’H6pital’s rule can be used to show that 
(7) lim | f(z) dz = 0. 
Reve ICR 
A similar computation wil] show that 
(8) lim i f(z) dz = 0. 
rad ¢, 


We can use the results of equations (7) and (8) in equation (6) to obtain 
0 Injx| + in ”" Inxdx m1 m2 

(9) PV, | et eed) Eine 
wo x2 + 0 x? + a a 2a 

Equating the real parts in equation (9), we obtain 


ae ] 
PV. ee et ie 
0 vr+ea a 


and the result is established. 
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EXERCISES FOR SECTION 8.7 


Use residues to compute or verify the integrals in Exercises 1-11. 


1. 


10. 


11. 


“ dx 2m 7 dx 

pv. | = = = ; pv. [ Ta 
9PM +x) YB ‘ o x21 + x) 
ee xl? ax oo  I/? 

v. | ae a. pv. [2 ca 
o(+xPr 2 o]+ x 
~InG? + 1) Log(z + i) 

= aap 2. 2. = 
P.V. [ ea] nm In 2. Use f(z) ae 
[ In x dx 

Vics) ae 
0 (1+ xy 
"Indl +. 

pv. | ee = ere ee 
0 xlte a sin Ta 


~ Inxd. 
pv. | ue 2 ahead 0 
0 (x + a) 


Hint: Use the integrand f(z) = exp(iz)/z and the contour C in Figure 8.8, and let 
r—>Qand R > ~. 


P.V. { ue dx =% 
ae 


Hint: Use the integrand f(z) = [1 — exp(i2z)]/z* and the contour C in Figure 8.8, and 
letr + O and R > ~, 
The Fresnel integrals 


ae 0 Jt 
P.V. [ cos(x?) dx = P.V. [ sin(x*) dx = ——= 


2/2 


are important in the study of optics. Use the integrand f(z) = exp(—z’) and the contour 
C shown in Figure 8.9, and let RK — ce: then establish these integrals. Also use the fact 
from calculus that P.V. fj e-* dx = /n2. 


FIGURE 8.9 Accompanies Exercise 11. 
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8.8 The Argument Principle and Rouche’s Theorem 


We will now derive two results based on Cauchy’s residue theorem. They have 
important practical applications and pertain only to functions all of whose isolated 
singularities are poles. 


Definition 8.1 A function fiz) is said to be meromorphic in a domain D 
provided that the only singularities of fiz) are isolated poles (and removable 
singularities). 


Observe that analytic functions are a special case of meromorphic functions. 
Rational functions f(z) = P(z/Q(<), where P(z) and Q(z) are polynomials, are 
meromorphic in the entire complex plane. A meromorphic function does not have 
essential singularities! 

Suppose that f(z) is analytic at each point on a simple closed contour C and 
f(z) is meromorphic in the domain that is the interior of C. An extension of theorem 
7.14 can be made that shows that f(z) has at most finitely many zeros that lie inside 
C. Since the function g(z) = I/f(z) is also meromorphic, it can have only finitely 
many zeros inside C, Therefore f(z) can have at most a finite number of poles that 
lie inside C. 

An application of the residue theorem that is useful in determining the number 
of zeros and poles of a function is called the argument principle. 


Theorem 8.8 (Argument Principle) Ler f(z) be meromorphic in the 
simply connected domain D. Let C be a simple closed positively oriented con- 
tour in D along which f(z) 4 0 and f(z) ¥ e&. Then 


1 c 
qd) <= EO pan aP 

ami JC f(z) 

where N is the number of zeros of f(z) that lie inside C and P is the number 

of poles that lie inside C. 

Proof Let a), a2,. . . , ay be the zeros of f(z) inside C counted according 
to multiplicity and let 6), 53.. . ., bp be the poles of f(z) inside C counted according 
to multiplicity. Then f(z) has the representation 
: (Z — az — do)- «+ (Zz — ay) 

(2) f(z) = ——_—__————— a(2), 

J c= b= by eb)" 


where g(<z) is analytic and nonzero on C and inside C. An elementary calculation 
shows that 


] ] i ii g'(z) 


(gc -— 6b) (z — b) (< ~ be) gz) 
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According to Example 6.14, we have 


dz 
i =2nmi forj=1,2,...,N 
c(zZ— a) 


and 


dz 
[ =2ni fork=1,2,...,P. 
C(z — by) 


Since g‘(z)/g(z) is analytic inside and on C, it follows from the Cauchy-Goursat 
theorem that 


i) ede _ 
Cc g(z) 


These facts can be used to integrate both sides of equation (3) over C. The result is 
equation (1), and the theorem is proven. 


Corollary 8.1 Suppose that f(z) is analytic in the simply connected domain 
D. Let C be a simple closed positively oriented contour in D along which 
f(z) 4 0. Then 


1 {[f@,. 
Cet 0 dz=N 


where N is the number of zeros of f(z) that lie inside C. 
Theorem 8.9 (Roché’s Theorem) Let f(z) and g(z) be analytic functions 


defined in the simply connected domain D. Let C be a simply closed contour 
in D. If the strict inequality 


(5) | f(z) — g(2)|<|f(2)| holds for all z on C, 
then f(z) and g(z) have the same number of zeros inside C (counting 


multiplicity). 


Proof The condition |f(z) — g(z)| < |f(z)| precludes the possibility of 
F(z) or g(z) having zeros on the contour C. Therefore division by f(z) is permitted, 
and we obtain 


(6) 


==] | <1 forallzonc. 

f(z) 

Let F(z) = g(z)/f(z). Then F(C), the image of the curve C under the mapping 
w = F(z), is contained in the disk |w — 1| < 1 in the w plane. Therefore F(C) is 
a closed curve that does not wind around w = 0. Hence !/w is analytic on the curve 
f(C), and we obtain 


dw 
Fic) w 


(7) 
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Using the change of variable w = f(z) and dw = F'(z)dz, we see that the 
integral in equation (7) can be expressed as 
F'(z) 
8 | —— dz = 0. 
(8) C F(z) 
Since F(z) = [g(zf(2) — f/(DR(DVLIF(P, it follows that 
Fig) _f'@ 


Fz) gz) f(@) 
Hence equations (8) and (9) can be used to obtain 


1 (Zz 1 (Z 
(ey: 2 DO po g'( ae 
2ni Jc f(z) 2mi JC g(z) 
Corollary 8.1 and equation (10) imply that the number of zeros of f(z) inside C 
equals the number of zeros of g(z) inside C, and the theorem is proven. 


(9) 


One can use Rouché’s theorem to gain information about the location of the 
zeros of an analytic function. 


EXAMPLE 8.22 Show that all four zeros of the polynomial 

gz) = zt - 7z- 1 
lie in the disk |z| <2. 

Solution Let f(z) = <4, then f(z) — g(z) = 7z + 1. At points on the circle 
|<] = 2 we have the relation 

[f(<) — glz)| = [7+ 1] s]7z] + 1 = 72) + 1= 15 < 16 = |f(2]. 


The function f(z) has a zero of order 4 at the origin, and the hypothesis of Rouché’s 
theorem holds true for the circle lz] = 2. Therefore g(z) has four zeros inside 
\z| = 2. 


EXAMPLE 8.23 Show that the polynomial g(z) = z+ — 7z — 1 has one zero 
in the disk |z| <1. 


Solution Let f(z) = ~—7z — 1, then f(z) — g(z) = —z*. At points on the 
circle |z| = 1 we have the relation 


f@ ~ 8@| = |-A] =1<6= [7-1] = ||] - | -1]| 
= [72> 1 | = |f@|- 
The function f(z) has one zero at z = —1/7 in the disk \z| < 1, and the hypothesis 
of Rouché’s theorem holds true on the circle |<| = |. Therefore g(z) has one zero 


inside |= | = 1, 
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Certain feedback control systems in engineering must be stable. A test for 
stability involves the function G(z) = 1 + F(z), where F(z) 1s a rational function. 
If G(z) does not have any zeros for Re(z) = 0, then the system is stable. The number 
of zeros of G(z) can be determined by writing F(z) = P(z)/Q(z), where P(z) and 
Q(z) are polynomials with no common zero. Then G(z) = [Q(z) + P(z)/Q(z). We 
can check for zeros of Q(z) + P(z) using Theorem 8.8. A value R is selected so that 
G(z) # 0 for |z| > R. Contour integration is then performed along the contour 
consisting of the right half of the circle |z| = R and the line segment between iR 
and —ik. The method is known as the Nyquist stability criterion. 


The Winding Number 


Suppose that C: z(t) = x(2) + iy(t) for a S t S b is a simple closed contour. Let 
a@=f%<t)<-+--<t, = bbe a partition of the interval and let z, = z(t) (for k = 
0, 1,. . ., 2) denote points on C where zo = z,. If z* lies inside C, then z(t) winds 
around z* once as ¢ goes from a to b (see Figure 8.10). 


FIGURE 8.10 The points z, on the contour C that winds around z*. 


Now suppose that f(z) is analytic at each point on C and meromorphic inside 
C. Then f(C) is a closed curve in the w plane that passes through w, = f(z,) (for 
k=0,1,...,7), where wo = w,. The subintervals [f,_,, t,] can be chosen small 
enough so that a continuous branch log w = In|w| + i arg w = Inp + id can be 
defined on the portion of f(C) between w,_, and w, (see Figure 8.11). Then 


(11) log f(z) — log f(za_1) = In px — In py_) + iAd,, 


where Ad, = 6, — 6,_; measures the amount that the portion of the curve f(C) 
between w, and w,_, winds around the origin w = 0. 
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FIGURE 8.11 The points w, on the coutour f(C) that winds around 0. 


Formula (1) will now be shown to be the number of times that f(C) winds 
around w = 0. The parameterization given above together with the appropriate 
branches of log w are used to write 


PO ef PEO) 


a z(t) di 
o fla Bd fey OM 


= >) [log wy — log wx], 
k=] 


which in turn can be written as 


fm, <x 7 a 
c f(z) oa » [In px ~ In pei} + id Adi 


By using the fact that po = p, the first summation in equation (12) vanishes. The 
summation of the quantities Ad, is the total amount that f(C) winds around w = 0 
in radians. When the quantities in equation (12) are divided by 27i, we are left with 
an integer that is the number of times f(C) winds around w = 0. For example, the 
image of the circle C:|z| = 2 under the mapping w = f(z) = <° + < is the curve 
x= 4cos 2+ 2cost,y = 4 sin 2¢ + 2 sintforO <¢ < 27 that is shown in Figure 
8.12. Notice that the image curve f(C) winds twice around the origin w = 0. 


(12) 
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FIGURE 8.12 The image curve f(C) of the circle C: |z| = 2 under the mapping 
w= f(z) = 2 +z. 


EXERCISES FOR SECTION 8.8 


For Exercises 1-5, use Rouché’s theorem to show that the roots lie in the indicated region. 
1. Let P(g) = 2 + 4z — 15. 
(a) Show that there are no roots in |z| <1. Hint: Use f(z) = 15. 
(b) Show that there are five roots in |z| <2. Hint: f(z) = 2°. 


Remark: A factorization of the polynomial] using numerical approximations for the co- 
efficients is 


z — 1.546)(z? — 1.340z + 2.857)(z? + 2.885z + 3.397). 


2. Let P(z) = z* + 9z + 27. 
(a) Show that there are no roots in |z| < 2. Hint: Use f(z) = 27. 
(b) Show that there are three roots in |z| <4. Hint: f(z) = 2°. 


Remark. A factorization of the polynomial using numerical approximations for the 
coefficients is 


(z + 2.047)(z? — 2.047z + 13.19). 
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. Let Piz) = 2 + 622 + 22 4+:1. 


(a) Show that there are two roots in |z] <1. Hint: Use f(z) = 62. 
(b) Show that there are five roots in jz| <2. 


~ Let P(z) = 2° — 5z4 + 10. 


(a) Show that there are no roots in |z| <1. 

(b) Show that there are four roots in |z| < 2. Hint: Use f(z) = 5z'. 

(c) Show that there are six roots in | z | <3. 

Let P(z) = 323 — 2iz? + iz — 7. 

(a) Show that there are no roots in |z| <1. 

(b) Show that there are three roots in [z | <2, 

Use Rouché’s theorem to prove the fundamental theorem of algebra. Hint: Let 


f(z) = —ayz” and gz) = ay + a2 + +++ + @y_3z"~). Then show that for points z on the 


circle |z| = R we have 
[ao] + far} +--+ + Jans 
Jan|R 


82) 
f(z) 


and see what happens when R is made large. 

Use Rouché’s theorem to prove the following. If A(z) is analytic and nonzero and 
| A(z)|< 1 for |z|< 1, then A(z) — 2” has n roots inside the unit circle |z| = 1. 
Suppose that f(z) is analytic inside and on the simple closed contour C. If f(z) is a one- 
to-one function at points z on C, then prove that f(z) is one-to-one inside C. Hint: 
Consider the image of C. 

Look up the articles on Rouché’s theorem and discuss what you found. Resources in- 
clude bibliographical items 68 and 172. 

Write a report on the winding number. Include ideas and examples not mentioned in the 
text. Resources include bibliographical items 6, 51, 88, 141, and 166. 


9) 
Conformal Mapping 


9.1. Basic Properties of Conformal Mappings 


Let f be an analytic function in the domain D, and let zp be a point in D. If 
f'(@) # 0, then we can express f in the form 


(1) f(z) = fla) + f'(eoz — 2) + W(ZME — ZH), where H(z) > 0 as z > 2. 
If z is near zy), then the transformation w = f(z) has the Jinear approximation 
(2) S(z) =A + Bez — Zz), where A = f(Zp) and B = f'(zp). 


Since n(z) > 0 when z — Zp, it is reasonable that for points near zp the transformation 
w = f(z) has an effect much like the linear mapping w = S(z). The effect of the 
linear mapping S is a rotation of the plane through the angle @ = arg[ f'(zv)]. fol- 
lowed by a magnification by the factor | f(z) Is followed by a rigid translation by 
the vector A ~ Bzp. Consequently, the mapping w = S(z) preserves angles at the 
point z). We now show that the mapping w = f(z) also preserves angles at Zp. 

Let C: 2(t) = x(t) + iv), —1 S$ t S | denote a smooth curve that passes 
through the point z(0) = zy. A vector T tangent to C at the point z is given by 


(3) = 7(0), 


where the complex number z’(0) has assumed its vector interpretation. 
The angle of inclination of T with respect to the positive x axis is 


(4) B = arg z’(0). 


The image of C under the mapping w = f(z) is the curve K given by the formula 
K: wt) = u(x), y(t) + tv(x(t), y()). The chain rule can be used to show that a 
vector T* tangent to K at the point wp = f(Zo) is given by 


(5) T* = w'(0) = f'(z0)z'(0). 
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The angle of inclination of T* with respect to the positive u axis is 
(6) y = arg[f'(zo)] + arg{z’(0)] = a + B, where o = arg] f"(z0)). 


Therefore the effect of the transformation w = f(z) is to rotate the angle of incli- 
nation of the tangent vector T at zp) through the angle & = arg[f’(zo)J to obtain the 
angle of inclination of the tangent vector T* at wo. The situation is illustrated in 
Figure 9.1]. 


FIGURE 9.1 The tangents at the points zp and wo, where f is an analytic function 
and f ‘(z) # 0. 


A mapping w = f(z) is said to be angle preserving, or conformal at Zo, if it 
preserves angles between oriented curves in magnitude as well as in orientation. 
The following result shows where a mapping by an analytic function is conformal. 


Theorem 9.1 Let f be an analytic function in the domain D, and let zp be 
a point in D. If f'(zo) # 0, then fis conformal at zo. 


Proof Let C, and C2 be two smooth curves passing through zp with tangents 
given by T, and T», respectively. Let B, and B2 denote the angles of inclination of 
T, and T:, respectively. The image curves K, and K> that pass through the point 
Wo = f(z) will have tangents denoted by T; and T}, respectively. Using equation 
(6), we see that the angles of inclination y, and y2 of T; and T; are related to B, and 
B» by the equations 


(7) YY =art B, and Y= a+ Bo, 
where @ = arg f’(zp). Hence from equations (7) we conclude that 
(8) Y-%N = Bo - Bi. 


That is, the angle y2 — y, from K, to K2 is the same in magnitude and orientation 
as the angle B. — B, from C; to C2. Therefore the mapping w = f(z) is conformal 
at Zo. The situation is shown in Figure 9.2. 
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FIGURE 9.2 The analytic mapping w = f(z) is conformal at the point z), where 
f'(Z) # 0. 


EXAMPLE 9.1 Show that the mapping w = f(z) = cos z is conformal at the 
points z, = #, 22 = 1, and z; = m + i, and determine the angle of rotation given by 
a = arg f'(z) at the given points. 


Solution Since f(z) = —sin z, we conclude that the mapping w = cos z is 
contormal at all points except z = nx, where n is an integer. Calculation reveals 
that 


fi) = ~isinh1, f') = —sinl, and f(x +i = ésinh 1. 


Therefore the angle of rotation is given by 


Ut 


oO, = arg f(t) = = O) = arg f'(1) = 7m, and 


arg f'(m + i) = —, respectively. 


ll 


3 


Nia 


Let fbe a nonconstant analytic function. If f’(zo) = 0, then zp is called a critical 
point of f, and the mapping w = f(z) is not conformal at zo. The next result shows 
what happens at a critical point. 


Theorem 9.2 Let f be analytic at 2. If f(z) = 0,...,f%° (20) = 0, and 
f'®(xo) ¥ 0, then the mapping w = fiz) magnifies angles at the vertex z by 
the factor k. 
Proof Since f is analytic at zo, it has the representation 

(9) f(z) = flzo) + ads — wh + ails — mt, 

From (9) we conclude that 


(10) f(z) — fla) = (@ — zoel), 
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where g is analytic at zo and g(zo) # 0. Consequently, if w = f(z) and wo = fl2)s 
then using equation (10), we obtain 


(11) arg(w — wo) = arglf(z) — f(zo)) = & arg(z — z) + arglg(z)]. 


Let C be a smooth curve that passes through zp. If z > zp, along C, then 
w — Wp along the image curve K, and the angle of inclination of the tangents T to 
C and T* to K are given, respectively, by the following limits: 
(12) B = lim arg(z — zo) and y= lim arg(w — wo). 


Tene Hoty 
From equations (11) and (12) it follows that 


(13) y = lim (k arg(z — 2) + arg[g(z)]) = kB + 4, 
SQ) 
where 6 = arg [g(zo)] = arg a. 
Let C, and C, be two smooth curves that pass through zo, and let K; and K2 
be their images. Then from equation (13) it follows that 


(14) Ay = — YW = (Bo — Bi) = KAB. 


That is, the angle Ay from K, to K2 is & times as large as the angle AB from C, to 
C>. Therefore angles at the vertex z) are magnified by the factor k. The situation is 
shown in Figure 9.3. 


FIGURE 9.3 The analytic mapping w = f(z) at a point zo, where 
F(z) = Owe ¢4 FE Mz) = 0 and f (zo) #0, 


EXAMPLE 9.2 The mapping w = f(z) = <? maps the square § = {x + iy: 
0<x< 1,0 < y < 1} onto the region in the upper half plane Im(w) > 0, which 
lies under the parabolas 


u=1—-4 and w= -1 4+ 40, 


as shown in Figure 9.4. The derivative is f(z) = 2z, and we conclude that the 
mapping w = z° is conformal for all z ¥ 0. It is worthwhile to observe that the right 
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angles at the vertices z, = 1, z2 = 1 + i, and z; = i are mapped onto right angles 
at the vertices w) = 1, w2 = 2i, and w3 = —1, respectively. At the point zy = 0 we 
have f'(0) = 0 and f"(0) # 0. Hence angles at the vertex zo = 0 are magnified by 
the factor k = 2. In particular, we see that the right angle at z) = 0 is mapped onto 
the straight angle at wy = 0. 


FIGURE 9.4 The mapping w = z° that is discussed in Example 9.2. 


Another property of a conformal mapping w = f(z) is obtained by considering 
the modulus of f’(zo). If z) is near zo, we can use equation (1) and neglect the term 
T(z) )(z1 — Z). We then have the approximation 


(15) wi — Wo = fz) — f(Zo) = f'(eolz1 — 20). 


Using equation (15), we see that the distance jw) _ wo | between the images of the 
points z; and zp is given approximately by |f"(zo)| |z1 — co|. Therefore we say that 
the transformation w = f(z) changes small distances near z) by the scale factor 
|f'(zo)|. For example, the scale factor of the transformation w = f(z) = z? near the 
point z = 1 + iis [f+ a] = [20+ d| = 272. 

It is also necessary to say a few things about the inverse transformation 
z = g(w) of a conformal mapping w = f(z) near a point zy, where f'(zy) # 0. A 
complete justification of the following relies on theorems studied in advanced cal- 
culus.* Let the mapping w = f(z) be expressed in the coordinate form 


(16) wu =u(x,y) and v= v(x, y). 


*See, for instance, R. Creighton Buck, Advanced Calculus, 3rd ed. (New York, McGraw-Hill Book 
Company), pp. 358-361. 1978. 
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The mapping in equations (16) represents a transformation from the xy plane 
into the uv plane, and the Jacobian determinant J(x, y) is defined by 


oy [UX ¥) U(X, ¥) 
(17) JQ, y) = VG aaa 
It is known that the transformation in equations (16) has a local inverse provided 
that J(x, vy) ~ 0. Expanding equation (17) and using the Cauchy-Riemann equations, 
we obtain 


(18) JC, Yo) = Uso. Yo)sX0, Yo) ~ VeCXo, Yo)My(Xo, Yo) 
= 1:(Xo. Yo) + VX. Yo) = |f'(eo) |? ¥ O. 
Consequently, equations (17) and (18) imply that a local inverse z = g(w) exists in 


a neighborhood of the point wo. The derivative of g at wo is given by the familiar 
computation 


ij g(w) — g(wo) 
Lh 


wong W— Wo 


(19) g'(wo) 


aod I 1 
= lim ———“+- = —— = 


cay f() — fle.) f'l@o)— f'(gr0)) 


EXERCISES FOR SECTION 9.1 


1, State where the following mappings are conformal. 
(a) w = expz (b) w = sinz (c) wz 
: [ z 
(d) w = exp(z? + 1) (ec) w= — (f) w= 2a 
For Exercises 2~5, find the angle of rotation © = arg f'(z) and the scale factor |f'(<)| of 
the mapping w = f(z) at the indicated points. 


2, w = I/z at the points 1,1 + i, andi 

3. w= Inr + 10, where —n/2 < 6 < 3n/2 at the points 1, 1 + i, and —1 

4 r’cos(8/2) + ir'sin(6/2), where —1 < 0 < 1, at the points i, 1, —i, and 3 + 4/ 
5. w = sin z at the points m/2 + i, 0, and —n/2 + 

6. Consider the mapping w = z*. If a # 0 and b # 0, show that the lines x = a and vy = b 
are mapped onto orthogonal parabolas. 

7. Consider the mapping w = z!, where z!? denotes the principal branch of the square 
root function. If a > 0 and b > 0, show that the lines x = a and y = b are mapped onto 
orthogonal curves. 

8. Consider the mapping w = exp z. Show that the lines x = @ and y = b are mapped onto 
orthogonal curves. 

9, Consider the mapping w = sin z. Show that the line segment —n/2 <x < n/2, v = 0, 
and the vertical line x = a, where |@| < 1/2 are mapped onto orthogonal curves. 

10. Consider the mapping w = Log z, where Log z denotes the principal branch of the 
logarithm function. Show that the positive x axis and the vertical line x = | are mapped 
onto orthogonal curves. 


= 
Il 
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11. Let f be analytic at zo and f(z) # 0. Show that the function g(z) = f(z) preserves the 
magnitude, but reverses the sense, of angles at Zo. 

12. If w = f(z) 1s a mapping, where f(z) is not analytic, then what behavior would one expect 
regarding the angles between curves. 

13. Write a report on conformal mapping. Your research could be theoretical and develop 
ideas not found in the text or practical and involve applications and/or computers. Re- 
sources include bibliographical items 33, 34, 35, 37, 41, 47, 48, 75, 92, 93, 96, 130, 
136, 146, 154, 159, 164, 176, 180, and 182. 


9.2 Bilinear Transformations 


Another important class of elementary mappings was studied by Augustus Ferdi- 
nand Mobius (1790-1868). These mappings are conveniently expressed as the quo- 
tient of two linear expressions and are commonly known as linear fractional or 
bilinear transformations. They arise naturally in mapping problems involving the 
function arctan z. In this section we will show how they are used to map a disk one- 
to-one and onto a half plane. 

Let a, b, c. and d denote four complex constants with the restriction that 
ad # bc, Then the function 


az +b 
czt+d 


is called a bilinear transformation or Mébius transformation or linear fractional 
transformation. If the expression for S in equation (1) is multiplied through by 
the quantity cz + d, then the resulting expression has the bilinear form ewz — az + 


dw — b = 0. We can collect terms involving z and write z(cw — a) = —dw + b. 
For values of w # a/c the inverse transformation is given by 

—dw t+ b 
(2) <= S71) =. 

cw a 


We can extend S and S-' to mappings in the extended complex plane. The 
value S(c) should be chosen to equal the limit of S(z) as z — e. Therefore we define 


=i 4 at (blz) _ a 
De Eee tanta atediaye te 
and the inverse is S~'(a/c) = °°. Similarly, the value S~}(cc) is obtained by 
—~d+ (blw)  —d 
GQ. PSS ois in OO. 
W900 woe C — (alw) c 


and the inverse is $(—d/c) = oo, With these extensions we conclude that the trans- 
formation w = S(z) is a one-to-one mapping of the extended complex z plane onto 
the extended complex w plane. 

We now show that a bilinear transformation carries the class of circles and 
lines onto itself. Let S be an arbitrary bilinear transformation given by equation (1). 
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If c = 0, then § reduces to a linear transformation, which carries lines onto lines 
and circles onto circles. If c # 0, then we can write S in the form 


bo-—ad 1 
c cztd’ 


_acez+d)+be-ad_ a 
BY Sey = c(ez + d) ¢ 


The condition ad ¥ be precludes the possibility that S reduces to a constant. It is 
easy to see from equation (5) that S$ can be considered as a composition of functions. 
It is a linear mapping € = cz + d, followed by the reciprocal transformation 
Z = 1/é, followed by w = (a/c) + [(be — ad)/c]Z. It was shown in Chapter 2 that 
each function in the composition maps the class of circles and lines onto itself, it 
follows that the bilinear transformation S has this property. A half plane can be 
considered a family of parallel lines and a disk as a family of circles. Therefore it 
is reasonable to conclude that a bilinear transformation maps the class of half planes 
and disks onto itself. Example 9.3 illustrates this idea. 


EXAMPLE 9.3 Show that w = S(z) = i(1 — z)/(1 + z maps the unit disk 
|z| < 1 one-to-one and onto the upper half plane Im(w) > 0. 


Solution Let us first consider the unit circle C: |z| = 1, which forms the 
boundary of the disk, and find its image in the w plane. If we write S(z) = 
(-iz + iz + 1), then we see that a = —i, b = i,c = 1, andd = 1. Using equation 
(2), we find that the inverse is given by 


-dwtb  —-wti 


cw~ a wti- 


If |z| = 1, then equation (6) implies that the images of points on the unit 
circle satisfy the equation 


(7) |w +i] = |-w+ il. 


Squaring both sides of equation (7), we obtain u? + (1 + v)* = uv? + (1 — v), which 
can be simplified to yield v = 0, which is the equation of the uw axis in the w plane. 

The circle C divides the z plane into two portions, and its image is the uw axis, 
which divides the w plane into two portions. Since the image of the point z = 0 is 
w = S(O) = i, we expect that the interior of the circle C is mapped onto the portion 
of the w plane that lies above the u axis. To show that this is true, we let |z| <1. 
Then equation (6) implies that the image values must satisfy the inequality 
|—w + i| < |w + i|, which can be written as 


(8) d= |w — i| < |w — (-i)| = db». 


If we interpret d, as the distance from w to i and d> as the distance from w to —i, 
then a geometric argument shows that the image point w must lie in the upper half 
plane Im(w) > 0, as shown in Figure 9.5. Since S$ is one-to-one and onto in the 
extended complex plane, it follows that S maps the disk onto the half plane. 


9.2 Bilinear Transformations 289 


FIGURE 9.5 The image of [z| < 1 under w = i(1 — z)/(1 + 2). 


The general formula (1) of a bilinear transformation appears to involve four 
independent coefficients a, b, c, d. But since S(z) # K, either a # 0 or c ¥ O, the 
transformation can be expressed with three unknown coefficients and can be written 
either 

z+ bla zie + ble 
SZ) = ———_ ao S82 =——_ ., 
czla + dla z+ dic 
respectively. This permits us to uniquely determine a bilinear transformation if three 
distinct image values S(z,;) = wy, S(z2) = w2, and S(z3) = w3 are specified. To 
determine such a mapping, it is convenient to use an implicit formula involving z 
and w. 


Theorem 9.3 (The Implicit Formula) There exists a unique bilinear 
transformation that maps three distinct points z), 22, and z3 onto three distinct 
points w), W2, and w3, respectively. An implicit formula for the mapping is 
given by the equation 

4122 7 63 WT Wy) W2 — W3 


OO = 


J 2322 7 2) W— W3W2 — W) 


Proof Equation (9) can be algebraically manipulated, and we can solve for 
w in terms of z. The result will be an expression for w that has the form of equation 
(1), where the coefficients a, b, c, and d involve the values z), Z2, 73, Wi, W2, and w3. 
The details are left as an exercise. 

If we set < = z) and w = w; in equation (9), then both sides of the equation 
are zero. This shows that w, is the image of z). If we set z = z2 and w = wo in 
equation (9), then both sides of the equation take on the value 1. Hence w2 is the 
image of z2. Taking reciprocals, we can write equation (9) in the form 


27 21 WT W3W2 7 Wi 


J 2) 22 7— S30 WT Wy Ww? ~ 3 
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If we set z = z3 and w = w3 in equation (10), then both sides of the equation are 
zero. Therefore, w; is the image of z3, and we have shown that the transformation 
has the required mapping properties. 


EXAMPLE 9.4 Construct the bilinear transformation w = S(z) that maps the 
points z} = —i, z2 = 1, z3 =f onto the points w, = —1], w2 = 0, w3 = 1, respectively. 
Solution We can use the implicit formula (10) and write 
z-ilt+i w-1041 —-wt] 
OS =. 
z+til-i wt+10-1 wt l 
Working with the left and right sides of equation (11), we obtain 


(12) GQ+a)awt+e dl ~-d)wt+ 1+ )z+0-d) 
=(-l+p)w+(-l-j)wt+ (1 ~d)z+1 +d. 


Collecting terms involving w and zw on the left results in 
(13) 2w + 2zw = 23 — 2iz. 


After the 2’s are cancelled in equation (13), we obtain w(1 + z) = i(1 ~ z). Therefore 
the desired bilinear transformation is 


w= sy = a2. 


EXAMPLE 9.5 Find the bilinear transformation w = S(z) that maps the points 
Zz) = —2,% = —1 — i, and z; = 0 onto w; = —1, w2 = 0, and w; = 1, respectively. 


Solution We can use the implicit formula (9) and write 


From the fact that (—1 — 1)/(1 — 1) = 1/7, equation (14) can be written as 


z+2 1+w 
iz l-w 


(15) 


Equation (15) is equivalent to z + 2 — zw — 2w = iz + izw, which can be solved 
for w in terms of z, giving the solution 
(1 - pz + 2 


samen amar, Gee re 


Let D be a region in the z plane that is bounded by either a circle or a straight 
line C. Let z), z2, and z3 be three distinct points that lie on C with the property that 
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an observer moving along C from z, to z3 through z; finds the region D on the left. 
In the case that C is a circle and D is the interior of C we say that C is positively 
oriented. Conversely, the ordered triple z), z2, z; uniquely determines a region that 
Jies on the left of C. 

Let G be a region in the w plane that is bounded by either a circle or a straight 
line K. Let wy, w2, and w; be three distinct points that he on K such that an observer 
moving along K from w, to w3 through w2 finds the region G on the left. Since a 
bilinear transformation is a conformal mapping that maps the class of circles and 
straight lines onto itself, we can use the implicit formula (9) to construct a bilinear 
transformation w = S(z) that is a one-to-one mapping of D onto G. 


EXAMPLE 9.6 Show that the mapping 


Gd —-ajz+2 


= SQ =5 
as ae arnes coer ae 


maps the disk D: {z+ 1 | < 1 onto the upper half plane Im(w) > 0. 


Solution For convenience we choose the ordered triple z, = —2, 
z2 = ~1 — 1,23 = 0, which will give the circle C: he + 1 | = 1 a positive orientation 
and the disk D a ‘‘left orientation.”” We saw in Example 9.5 that the corresponding 
image points are 


wy) = S(z1) = —1, W2 = S(z3) = 0, and wy = S(z3) =", 


Since the ordered triple of points w,, w>, and w3 lie on the wu axis, it follows that the 
image of the circle C is the u axis. The points wy, w2, and w3 give the upper half 
plane G: Im(w) > 0a “‘left orientation.’’ Therefore w = S(z) maps the disk D onto 
the upper half plane G. To check our work, we choose a point Zo that lies in D 
and find the half plane where its image wo lies. The choice ~ = —I1 yields 
wo = S(—1) = i. Hence the upper half plane is the correct image. The situation is 
illustrated in Figure 9.6. 


FIGURE 9.6 The bilinear mapping w = S(z) = [1 — f)z + 2V/[C1 + t)z + 2). 
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In equation (9) the point at infinity can be introduced as one of the prescribed 
points in either the z plane or the w plane. For example, if w3 = o, then we are 
permitted to write 

W2 — W3 Wr — of 


(16) ——~—=— = 1, 


Ww W3 w — oo 


and substitution of equation (16) into equation (9) yields 


Zo £21 22 7 w— Ww 
(17) = ———.,_ where wy = -~». 
— 2322 7 2 W2—- Wy 


“ 


Equation (17) is sometimes used to map the crescent-shaped region that lies between 
tangent circles onto an infinite strip. 


EXAMPLE 9.7 Find a bilinear transformation that maps the crescent-shaped 
region that lies inside the disk |z — 2] < 2 and outside the circle |z - 1] = 1 
onto a horizontal strip. 


Solution For convenience we choose z, = 4, z2 = 2 + 2i, and z; = 0 and 
the image values w, = 0, w2 = 1, and wz = , respectively. The ordered triple 
Z1, Z2, and z3 gives the circle \z - 2| = 2 a positive orientation and the disk 
lz - 2| < 2 has a ‘‘left orientation.” The image points w,, w2, and wy all lie on 
the extended u axis, and they determine a left orientation for the upper half plane 
Im(w) > 0. Therefore we can use the implicit formula (17) to write 


ge dl 26-0 ws 0 
z-~024+2i-4 1-0’ 


(18) 


which determines a mapping of the disk |z — 2] < 2 onto the upper half plane 
Im(w) > 0. We can simplify equation (18) to obtain the desired solution 
—iz + 47 
w= Sz) = a as 
& 
A straightforward calculation shows that the points zy = 1 — i, z; = 2, and 
zo = 1 + i are mapped respectively onto the points 


we=S-)D)=-24+8, we = S(2)=7, and we=SUI+)=2+i 


The points w4, ws, and we lie on the horizontal line Im(w) = 1 in the upper half 
plane. Therefore the crescent-shaped region 1s mapped onto the horizontal strip 
0 < Im(w) < 1 as shown in Figure 9.7. 
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FIGURE 9.7 The mapping w = S(z) = (~iz + 41)/z. 


Lines of Flux 


In the study of electronics, images of certain lines represent lines of electric flux, 
which are the trajectory of an electron that is placed in an electric field. Consider 
the bilinear transformation 

Zz aw 


and z= S-|(w) = : 
Za w—l 


w= S(z) = 


The half rays {arg(w) = c}, where c is a constant, that meet at the origin w = 0, 
represent the lines of electric flux produced by a source located at w = 0 (and a 
sink at w = ec). The preimage of this family of lines is a family of circles that pass 
through the points z = 0 and z = a. We visualize these circles as the lines of electric 
flux from one point charge to another. The limiting case as a > 0 is called a dipole 
and is discussed in Exercise 6 in Section 10.11. The graphs for the cases a = 1, 
a = 0.5, and a = 0.1 are shown in Figure 9.8 


FIGURE 9.8 Images of arg(w) = c under the mapping z = 
Ww 
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EXERCISES FOR SECTION 9.2 


a Ne 


on 


12, 
13. 
14, 
15. 
16. 
17, 
18. 


19. 


9.3 


Let w = S(z) = [UJ — Az + 2V[C1 + Hz + 2). Find S~'(w). 

Let w = S(z) = (§ + zi — z). Find S~'(w). 

Find the image of the right half plane Re(z) > O under w = i(1 — zVQ1 + z). 

Show that the bilinear transformation w = i(1 — z)/(1 + z) maps the portion of the disk 
| z| <1 that lies in the upper half plane Im(z) > O onto the first quadrant u > 0, 
y>0. 


Find the image of the upper half plane Im(z) > 0 under the transformation 
Gd -ij)z+2 
WS eee 
(l+f)z+2 
Find the bilinear transformation w = S(z) that maps the points z,; = 0, z> = i, and 
Za = —ionto w, = —1, wo = 1, and w; = 0, respectively. 
Find the bilinear transformation w = S(z) that maps the points z} = —/, z2 = 0, and 
za = (onto w, = —1, w2 = 7, and w3 = 1, respectively. 
Find the bilinear transformation w = S(z) that maps the points z} = 0, z2 = 1, and 
Za = 2 onto w,; = 0, w2 = 1, and wz = »%, respectively. 
. Find the bilinear transformation w = S(z) that maps the points z; = 1, z = i, and 
za = —J onto w, = 0, wo = 1, and w; = o, respectively. 
Show that the transformation w = (i + z)/(@ — z) maps the unit disk }z| <1 onto the 


right half plane Re(w) > 0. 


. Find the image of the lower half plane Im(z) < 0 under w = (7 + z)Mi — z). 


Let $\(z) = (z — 2)Xz + 1) and $2(z) = z(z + 3). Find S\($2(z)) and $2($)(z)). 

Find the image of the quadrant x > 0, y > O under w = (z — 1)(z + 1). 

Find the image of the horizontal strip 0 < y < 2 under w = z((z — /). 

Show that equation (9) can be written in the form of equation (1). 

Show that the bilinear transformation w = S(z) = (az + b)/(cz + d) is conformal at all 
points z # —d/c. 

A fixed point of a mapping w = f(z) is a point zo such that f(zo) = Zo. Show that a 
bilinear transformation can have at most two fixed points. 

(a) Find the fixed points of w = (z ~— 1)/(z + 1). 

(b) Find the fixed points of w = (4z + 3)/(2z — 1). 

Write a report on bilinear transformations. Include some ideas not presented in the text. 
Resources include bibliographical] items 12, 23, 24, 30, 36, and 43. 


Mappings Involving Elementary Functions 


In Section 5.1 we saw that the function w = f(z) = exp z is a one-to-one mapping 
of the fundamental period strip —x < y S 7 in the z plane onto the w plane with 
the point w = 0 deleted. Since f’(z) # 0, the mapping w = exp z is a conformal 
mapping at each point z in the complex plane. The family of horizontal lines y = c 
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and —n <c <7, and the segments x = a and —n < y < x form an orthogonal grid 
in the fundamental period strip. Their images under the mapping w = exp z are the 
rays p > 0 and o = c and the circles || = e%, respectively. These images form 
an orthogonal curvilinear grid in the w plane, as shown in Figure 9.9. If -tm<c< 
d < 1, then the rectangle R = {x + iy:a<x< b,c <y < d} is mapped one-to- 
one and onto the region G = {pe'*: e¢ < p < e?, c< @ < d}. The inverse mapping 
is the principal branch of the logarithm z = Log w. 


FIGURE 9.9 The conformal mapping w = exp z. 


In this section we will show how compositions of conformal transformations 
are used to construct mappings with specified characteristics. 


EXAMPLE 9.8 The transformation w = f(z) = (e? — i/(e* + i) is a one-to- 
one conformal mapping of the horizontal strip 0 < y < 7 onto the disk |w| < 1. 
Furthermore, the x axis is mapped onto the lower semicircle bounding the disk, and 
the line y = 1 is mapped onto the upper semicircle. 


Solution The function w = f(z) can be considered as a composition of 
the exponential mapping Z = exp z followed by the bilinear transformation 
w = (Z — i)/(Z + i). The image of the horizontal strip 0 < y < m under the mapping 
Z = exp zis the upper half plane Im(Z) > 0; the x axis is mapped onto the positive 
X axis; and the line y = 7 is mapped onto the negative X axis. The bilinear trans- 
formation w = (Z — i)/(Z + i) then maps the upper half plane Im(Z) > 0 onto the 
disk |w| < 1; the positive X axis is mapped onto the lower semicircle; and the 
negative X axis onto the upper semicircle. Figure 9.10 illustrates the composite 


mapping. 
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FIGURE 9.10 The composite transformation w = (e= — fe + i). 


EXAMPLE 9.9 The transformation w = f(z) = Log|(1 + z)/(1 — z)] is a one- 
to-one conformal mapping of the unit disk {z| < 1 onto the horizontal strip 
|v| < 1/2. Furthermore, the upper semicircle of the disk is mapped onto the line 
v = 7/2 and the lower semicircle onto vy = —7/2. 


Solution The function w = f(z) is the composition of the bilinear trans- 
formation Z = (1 + z)/(1 — z) followed by the logarithmic mapping w = Log Z. 
The image of the disk z| < 1 under the bilinear mapping Z = (1 + z)/(1 — z) is 
the right half plane Re(Z) > 0; the upper semicircle is mapped onto the positive Y 
axis; and the lower semicircle is mapped onto the negative Y axis. The logarithmic 
function w = Log Z then maps the right half plane onto the horizontal strip; the 
image of the positive Y axis is the line v = 7/2; and the image of the negative Y 
axis is the line vy = —n/2. Figure 9.11 shows the composite mapping. 
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4 


w = Log Z 


FIGURE 9.11 The composite transformation w = Log[(1] + z)/(1 — z)]. 


EXAMPLE 9.10 The transformation w = f(z) = (J + z/(1 — 2)? is a one- 
to-one conformal mapping of the portion of the disk |z| < ] that lies in the upper 
half plane Im(z) > 0 onto the upper half plane Im(w) > 0. Furthermore, the image 
of the semicircular portion of the boundary is mapped onto the negative u axis, and 
the segment —1 < x < 1, y = 0 is mapped onto the positive u axis. 


Solution The function w = f(z) is the composition of the bilinear trans- 
formation Z = (1 + z)/(1 — z) followed by the mapping w = Z?. The image of 
the half-disk under the bilinear mapping Z = (1 + z)/(1 — z) is the first quadrant 
X > 0, Y > 0; the image of the segment y = 0, —1 <x < 1, is the positive X axis; 
and the image of the semicircle is the positive Y axis. The mapping w = Z? then 
maps the first quadrant in the Z plane onto the upper half plane Im(w) > 0, as shown 
in Figure 9.12. 
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FIGURE 9.12 The composite transformation w = [(1 + z)/(1 — z)P. 


EXAMPLE 9.11 Consider the function w = f(z) = (<? — 1)'”, which is the 
composition of the functions Z = z° — | and w = Z'?, where the branch of the 
square root is Z'? = R!?[cos(@/2) + 7 sin(6/2)], (89 = arg Zand 0 < 6 < 2m). Then 
the transformation w = f(z) maps the upper half plane Im(z) > 0 one-to-one and 
onto the upper half plane Im(w) > 0 slit along the segment u = 00<vsl. 


Solution The function Z = <2 — | maps the upper half plane Im(z) > 0 
one-to-one and onto the Z-plane slit along the ray Y = 0, X = —J. Then the function 
w = Z!? maps the slit plane onto the slit half plane, as shown in Figure 9.13. 
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FIGURE 9.13 The composite transformation w = f(z) = (z7 — 1)'?. and the 
intermediate steps Z = z? — 1 and w = Z!, 


Remark The images of the horizontal lines y = 6 are curves in the w plane that 
bend around the segment from 0 to i. The curves represent the streamlines of a fluid 
flowing across the w plane. We will study fluid flows in more detail in Section 10.7. 


The Mappingw = (22 — 1/7 


The double-valued function f(z) = (z* — 1)!” has a branch that is continuous for 
values of z distant from the origin. This feature is motivated by our desire for the 
approximation (z? — 1)'/? = z to hold for values of z distant from the origin. Let us 
express (z* — 1)!/° in the following form: 


Q) w=fi) = - HM t+ ', 


where the principal branch of the square root function is used in both factors. We 
claim that the mapping w = f)(z) is a one-to-one conformal mapping from the domain 
set D, consisting of the z plane slit along the segment —] < x < 1, y = 0, onto the range 
set H, consisting of the w plane slit along the segment vu = 0, -1 S vy S 1. 
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To verify this we investigate the two formulas on the right side of equation (1), and 
express them in the form 


(2) (c- 1)'2 = /rei?, where 7, |z — 1], @, = Argz — 1), and 
(3) (2+ DM = Srze2?, where r2 = |z + 1], 62 = Arg(z + 1). 


The discontinuities of Arg(z — 1) and Arg(z + 1) are points on the real axis such 
that x <1] and x < —1, respectively. We now show that f(z) is continuous on the 
rayx<—-l,y=0. 

Let zp = Xo + iyo denote a point on the ray x < —1, y = 0, then we obtain the 
following limits as z approaches z) from the upper half plane and the Jower half 
plane, respectively: 


4) lim f= lim Yre®? jim /reit2? 


I ry > }xp-1 | Vr >|aotl| 
Im(z) +0 Cheeni G2- on 
= J/|xm—- 1] @OV|[m+ 11 0 
=-J/|(xi-1|, and 
(5) iim f= lim Sne*? lim \/rrei*2? 
Try ry fay-1] ry fay et] 
Imtz)-< 0 8) 9-7 Q9-k 


= J |x — 1] (-) J] +1] a 


= -J/|x5 - 1]. 


Since both limits agree with the value of f,(zo) it follows that f\(z) is continuous 
along the ray x < —Il,y = 0. 
The inverse mapping is easily found and can be expressed in a similar form: 


(6) 2 = g,(w) = (w? + 1)!7 = (w+ dD!’ — DI, 
where the branches of the square root function are given by 
(7) (w+ i)? = \/pje'*?, where p, = |w + i], 0) = arg(w + A), 


—T : —3n 
and > < argw +) < aed and 


(8) (w — )? = /pre2?, where pz = |w — i], o2 = arg(w — A. 


—T meee: —3n 
and > <arg(wty< 3 ; 


A similar argument will show that g;(w) is continuous for all w except those 
points that lie on the segment « = 0, —1 < v < 1. It is straightforward to verify 
that 


(9) giffitz)) =z and fi(ei(w)) = w, 


hold for z in D, and w in H;, respectively, Therefore we conclude that w = f)(z) is 
a one-to-one mapping from D, onto Hj. It is tedious to verify that f\(z) is also 
analytic on the ray x < ~—1, y = 0. We leave this verification as a challenging 
exercise, 
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The Riemann Surface forw = (z2 — 1)" 


Using the other branch of the square root, we find that w = f(z) = —f,(z), is a one- 
to-one conformal mapping from the domain set D2 consisting of the z plane slit 
along the segment —1 < x < 1, y = 0, onto the range set H> consisting of the w 
plane slit along the segment u = 0, —1 < v < 1. The sets D, and A; for f,(z) and 
Dy» and Hp for f:(z) are shown in Figure 9.14. 


FIGURE 9.14 The mappings w = f\(z) and w = f(z). 


The Riemann surface for w = (z? — 1)!/? is obtained by gluing the edges of 
D, and D> together and H, and H> together in the following manner. In the domain 
set, glue edges A to a, B to b, C toc, and D to d. In the image set, glue edges A’ to 
a’, B' to b’, C’ toc’, and D’ to d’. The result is a Riemann domain surface and 
Riemann image surface for the mapping, see Figures 9.15(a) and 9.15(b), 


respectively. 
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eA Be, 
Sot 


(a) Domain surface dD, joined to Dy. (b) Image surface HA, joined to H. 


FIGURE 9.15 The Riemann surfaces for the mapping w = (z? — 1)". 


EXERCISES FOR SECTION 9.3 


1. Find the image of the semi-infinite strip 0 < x < 1/2, y > 0, under the transformation 


w = exp iz. 
2. Find the image of the rectangle 0 < x < In 2,0 < y < n/2, under the transformation 
w = exp z. 


3. Find the image of the first quadrant x > 0, y > 0, under w = (2/n) Log z. 
4. Find the image of the annulus 1 < |z| < e under w = Log z. 
5. Show that the multivalued function w = log z maps the annulus 1 < |z| < e onto the 
vertical strip 0 < Re(w) < 1. 
6. Show that w = (2 — z*)/z? maps the portion of the right half plane Re(z) > 0 that lies 
to the right of the hyperbola x? — y? = 1 onto the unit disk |w| <1. 
7. Show that the function w = (e* — i)/(e: + i) maps the horizontal strip —m < Im(z) < 0 
onto the region 1 < |w]. 
8. Show that w = (e* — 1)/(e= + 1) maps the horizontal strip | y| < 1/2 onto the unit disk 
wi <l. 
9. he the image of the upper half plane Im(z) > 0 under w = Log[(1 + z)/(1 — z)]. 
10. Find the image of the portion of the upper half plane Im(z) > 0 that lies outside the 
circle |z| = | under the transformation w = Log[(1 + z)/(1 — 2)]. 
11. Show that the function w = (1 + z)?/(1 — z)? maps the portion of the disk |z| < 1 that 
lies in the first quadrant onto the portion of the upper half plane Im(w) > 0 that lies 
outside the unit disk. 
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12. Find the image of the upper half plane Im(z) > 0 under w = Log(1 — z’). 

13. Find the branch of w = (z* + J)!? that maps the right half plane Re(z) > 0 onto the 
right half plane ReGw) > 0 slit along the segmentO <# < 1,v =0. 

14, Show that the transformation w = (z* — 1)/(z* + 1) maps the portion of the first quadrant 
x > 0, » > Q, that lies outside the circle |z| = | onto the first quadrant u > 0, v > 0. 

15. Find the image of the sector r > 0,0 < 6 < m/4, under w = (f — z*)/(i + 24). 

16. Write a report on Riemann surfaces. Resources include bibliographical items 99, 128, 
and 129. 

17. Show that the function f\(z) in equation (1) is analytic on the ray x < —1, y = 0. 


9.4 Mapping by Trigonometric Functions 


The trigonometric functions can be expressed with compositions that involve the 
exponential function followed by a bilinear function. We will be able to find images 
of certain regions by following the shapes of successive images in the composite 


mapping. 


EXAMPLE 9.12 The transformation w = tan z is a one-to-one conformal 
mapping of the vertical strip |x| < 7/4 onto the unit disk |w| <1. 


Solution Using identities (11) and (12) in Section 5.4, we write 


From equation (1) it is easy to see that the mapping w = tan z can be considered as 
the composition 

-iZ+i os 
(2) w=—— and Z=e™. 

Z+] 

The function Z = exp(i2z) maps the vertical strip |x| < 1/4 one-to-one 
and onto the right half plane Re(Z) > 0. Then the bilinear transformation 
w = (~iZ + i)/(Z + 1) maps the half plane one-to-one and onto the disk as shown 
in Figure 9.16. 


304 Chapter 9 Conformal Mapping 


Ne en 
Z =exp(i2z) 


Z,=7i 


nN 


FIGURE 9.16 The composite transformation w = tan z. 


EXAMPLE 9.13 The transformation w = f(z) = sin z is a one-to-one con- 
formal mapping of the vertical strip |x| < 1/2 onto the w plane slit along the rays 
us —-l,v=QOandu21,v=0. 


Solution Since f’(z) = cos z ¥ 0 for values of z satisfying the inequality 
—n/2 < Re(z) < 1/2, it follows that w = sin z is a conformal mapping. Using 
equation (14) in Section 5.2, we write 


(3) u+ iv = sinz = sinx cosh y + i cos x sinh y. 


If |a| < x/2, then the image of the vertical line x = a is the curve in the w plane 
given by the parametric equations 


(4) uw=sinacoshy and v=cosasinhy 
for —e2 < y < oo. We can rewrite equations (4) in the form 


(5) cosh y = ua 


: and sinh y = . 
sin a cos a 
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We can eliminate y in equations (5) by squaring and using the hyperbolic identity 
cosh? y — sinh? y = 1, and the result is the single equation 


(6) ~——=1. 


The curve given by equation (6) is identified as a hyperbola in the (uv, v) plane that 
has foci at the points (£1, 0). Therefore the vertical line x = a is mapped in a one- 
to-one manner onto the branch of the hyperbola given by equation (6) that passes 
through the point (sin a, 0). If 0 < a < 7/2, then it is the right branch; and if 
—n/2 <a < 0, it is the left branch. The image of the y axis, which is the line 
x = 0, is the v axis. The images of several vertical lines are shown in Figure 9.17. 


Arcsin w 
~<—__ 


FIGURE 9.17 = The transformation w = sin z. 


The image of the horizontal segment —1/2 < x < 1/2, y = b is the curve in 
the w plane given by the parametric equations 


(7) uw =sinxcoshb and v= cos.«sinhb 
for —1/2 <x < m/2. We can rewrite equations (7) in the form 


“ d é Vv 
an Cos xX = a 
osh b + sinh b 


(8) sinx = 

c 
We can eliminate x in equations (8) by squaring and using the trigonometric identity 
sinzx + cos*x = I, and the result is the single equation 


oe 7 
uw v 
cosh?) — sinh*b 


The curve given by equation (9) is identified as an ellipse in the (u, v) plane that 
passes through the points (tcosh b, 0) and (0, tsinh 6) and has foci at the points 
(+1, 0). Therefore if b > 0, then v = cos x sinh b > 0, and the image of the horizontal 
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segment is the portion of the ellipse given by equation (9) that lies in the upper half 
plane Im(w) > 0. If b < 0, then it is the portion that lies in the lower half plane. 
The images of several segments are shown in Figure 9.17. 


We now develop explicit formulas for the real and imaginary parts of the 
principal value of the arcsine function w = f(z) = Arcsin z. This mapping will be 
used to solve certain problems involving steady temperatures and ideal fluid flow 
in Section 10.7. The mapping is found by solving the equation 


(10) x + fy = sin w = sin uw cosh v + i cos u sinh y 


for vu and vy expressed as functions of x and y. To solve for u, we first equate the real 
and imaginary parts of equation (10) and obtain the system of equations 


¥ 


x . 
(11) cosh y = —— and sinhy = : 
sin u cos u 


Then we eliminate v in equations (11) and obtain the single equation 


os y 


s =] 


sin-u = cos?u 


(12) 


If we treat u as a constant, then equation (12) represents a hyperbola in the (x, y) 
plane, the foci occur at the points (+1, 0), and the traverse axis is given by 2 sin u. 
Therefore a point (x, y) on the hyperbola must satisfy the equation 


(133) 2sinu= Ywt IP t+ y¥v- Yow le sw. 


The quantity on the right side of equation (13) represents the difference of the 
distances from (x, y) to (—1. 0) and from (x, y) to (1, 0). 
Solving equation (13) for u yields the real part 


Vt let vr - Ya- lye t+ | 


> 


= 


(14) u(x, vy) = arcsin | 


The principal branch of the real function arcsin ¢ is used in equation (14), where the 
range values satisfy the inequality —7/2 < arcsint < 7/2. 
Similarly, we can start with equation (10) and obtain the system of equations 
x y 


and cos“ =——. 
cosh v sinh v 


(15) snu= 


Then we eliminate # in equations (15) and obtain the single equation 


x y- 
16 +— =] 
Ge) cosh?v — sinh?v 


If we treat v as a constant, then equation (16) represents an ellipse in the (x, y) plane, 
the foci occur at the points (+1. 0), and the major axis has length 2 cosh v. Therefore 
a point (x, y) on this ellipse must satisfy the equation 


(17) 2coshy = Yvt 12? 4+724+ /a—1P 4 ¥. 
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The quantity on the right side of equation (17) represents the sum of the distances 
from (x, y) to (—1, 0) and from (x, y) to (1, 0). 

The function z = sin w maps points in the upper-half (lower-half) of the 
vertical strip —1/2 <u < 7/2 onto the upper half plane (lower half plane), respec- 
tively. Hence we can solve equation (17) to obtain v as a function of x and y: 


Foye aR > 5 
+1yP+y4+ Vx- le t+y 
(18) v(x, y) = (sign y)arccosh [vie pee eae | 
where sign y = +1 if y = O and sign y = ~1 if y < 0. The real function given by 


arccosh ¢ = In(t + /f — 1) witht = } is used in equation (18). 


Therefore the mapping w = Arcsin z is a one-to-one conformal mapping of 
the z plane cut along the rays x < —1, y = 0 and x = 1, y = O onto the vertical 
strip —1/2 <u < n/2 in the w plane. The Arcsine transformation is indicated in 
Figure 9.17. The formulas in equations (14) and (18) are also convenient for eval- 
uating Arcsin z as shown in Example 9.14. 

Therefore, the mapping w = Arcsin z is one-to-one conformal mapping of the 


z plane cut along the rays x < —1, y = O and x = 1, y = 0 onto the vertical strip 
—— < us - in the w plane, and this can be construed from Figure 9.17 if we 


interchange the roles of the z and w planes. The image of the square 0 < x < 4, 
Os y S$ 4 under w = Arcsin zis shown in Figure 9,18 and was obtained by plotting 
two families of curves {(u(c, 1), v(c, )): O < t S 4} and {(u(t, c), v(t, c): OS t 


k 
< 4}, where c = 5° k =0,1,..., 20. Formulas (14) and (18) are also convenient 


for evaluating Arcsin z, as shown in Example 9.14. 


y w = Arcsin z 


0 m4 m2 


FIGURE 9.18 The mapping w = Arcsin z. 
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EXAMPLE 9.14 Find the principal value Arcsin(1 + i). 
Solution Using formulas (14) and (18), we find that 


-1 
u(1, 1) = arcsin -——— ~ 0.666239432 and 


pel 
of 


v(1, 1) = arccosh ——— ~ 1.061275062. 


Therefore we obtain 


arcsin(| + 7) = 0.666239432 + i 1.061275062. 


Is there any reason to assume that there exists a conformal mapping for some 
specified domain D onto another domain G? The theorem concerning the existence 
of conformal mappings is attributed to Riemann and can be found in Lars V. Ahlfors, 
Complex Analysis (New York: McGraw-Hill Book Co.) Chapter 6, 1966. 


Theorem 9.4 (Riemann Mapping Theorem) /f D is anv simply con- 
nected domain in the plane (other than the entire plane itself), then there 
exists a one-to-one conformal mapping w = f(z) that maps D onto the unit 
disk |w| <1. 


EXERCISES FOR SECTION 9.4 


Find the image of the semi-infinite strip —7/4 < x < 0, y > O under the mapping 

w = tan z. 

2. Find the image of the vertical strip 0 < Re(z) < 2/2 under the mapping w = lan z. 

3. Find the image of the vertical line x = 7/4 under the transformation w = sin z. 

4, Find the image of the horizontal line y = | under the transformation w = sin z. 

5, Find the image of the rectangle R = {x + iy: 0 < x < n/4,0 < y < 1} under the 
transformation w = sin z. 

6. Find the image of the semi-infinite strip ~m/2 <x < 0, vy > O under the mapping 
w = sing. 

7. (a) Find lim Arg(sin[(7/6) + iy)). 


Vote 


— 


(b) Find lim Arg(sin[(—2n/3) + iy). 


8. Use formulas (14) and (18) to find the following: 
(a) Arcsin(2 + 27) (b) Arcsin(—2 + 7) 
(c) Arcsin(] — 3) (d) Arcsin(—4 — 1) 

9. Show that the function w = sin z maps the rectangle R = {x + iy: —n/2 <x < 1/2, 
0 < y < b} one-to-one and onto the portion of the upper half plane Im(w’) > 0 that hes 
inside the ellipse 


ue 
a ep 
cosh*b — sinh-b 


10. 
11. 
12. 


13. 
14, 
15. 
16. 
17, 


18. 
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Find the image of the vertical strip —a/2 < x < 0 under the mapping w = cos z, 
Find the image of the horizontal strip 0 < Im(z) < 2/2 under the mapping w = sinh z. 


Find the image of the right half plane Re(z) > O under the mapping 
if i+ z 
w = arctan z = 5 ee 


Find the image of the first quadrant x > 0, y > 0 under w = Arcsin z. 

Find the image of the first quadrant x > 0, y > O under the mapping w = Arcsin z*. 
Show that the transformation w = sin*z is a one-to-one conformal mapping of the semi- 
infinite strip 0 < x < 1/2, y > 0 onto the upper half plane Im(w) > 0. 

Find the image of the semi-infinite strip |x| < 7/2, y > 0 under the mapping 
w = Log(sin z). 

Write a report on Riemann mapping theorem, Resources include bibliographical items 
4, 88, 106, 129, and 179. 

Write a report on the topic of analytic continuation. Be sure to discuss the chain of 
power series and disks of convergence. Resources include bibliographical items 4, 19, 
46, 51, 52, 93, 106, 128. 129, 141, 145, and 166. 
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Applications of Harmonic 
Functions 


10.1. Preliminaries 


In most applications involving harmonic functions it is required to find a harmonic 
function that takes on prescribed values along certain contours. We will assume that 
the reader is familiar with the material in Sections 2.5, 3.3, 5.1, and 5.2. 


EXAMPLE 10.1 Find the function u(x, y) that is harmonic in the vertical strip 
a = Re(z) = b and takes on the boundary values 
(1) u(a,v)= U, and u(b, y) = U2 


along the vertical lines x = a and x = b, respectively. 


Solution Intuition suggests that we should seek a solution that takes on 
constant values along the vertical lines x = xp and that u(x, y) should be a function 
of x alone; that is, 


(2) u(x, y) = Pix) fora Ss x < band for all v. 


Laplace’s equation, u,,(x, y) + uy,(x, y) = 0, implies that P’(x) = 0, so P(x) = 
mx + c, where m and c are constants. The boundary conditions u(a, v) = P(a) = 
U, and u(b, y) = P(b) = U; lead to the solution 

U,—- U; 


——— (x — a). 
—a 


(3) ula y) = Uy + hb 


The level curves u(x, y) = constant are vertical lines as indicated in Figure 10.1. 


EXAMPLE 10.2 Find the function W(x, y) that is harmonic in the sector 
O < Arg z < @, where O = 7, and takes on the boundary values 


(4) WO,0)=C; forx>0O and 
W(x, y) = C2 at points on the ray r > 0,6 = a. 
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(5) 


10.1 Preliminaries 


y u(x, ¥) = constant 


/ 


Wa, Vy =U, Ke U, 


FIGURE 10.1. The harmonic function 
u(x, vy) = U, + (U2 — U(x — a(b — a). 
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Solution — If we recall that the function Arg z is harmonic and takes 
on constant values along rays emanating from the origin, then we see that a 


solution has the form 


W(x, v) = a+ bArgz, 


where a and b are constants. Boundary conditions (4) lead to 


(6) 


C.-C 
Way =C) + =a Arg z. 


The situation is shown in Figure 10.2. 


¥ 


W(x, ¥) = constant 


yf 


Wix, y= Cy 
along the ray 
r>0,@=a 


W(x, OV=C, 
forx >0 


FIGURE 10.2 The harmonic function 
Wx, y) = Cy + (C2 — Ci)(1/a@) Arg z. 


EXAMPLE 10.3 Find the function ®(x, y) that is harmonic in the annulus 
1 < |c| < R and takes on the boundary values 


(7) 


P(x, y) = K;, when |z| = 1, and 
(x, y) = Ko, when [z| =F. 
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P(x. yy=K, 
when |z|=R 


P(x, ¥) = constant 


Pv vy=K, 


when [2] = 1 


FIGURE 10.3 The harmonic function P(x, y) = K,; + In \z | (K> — K,Vin R. 


Solution This is a companion problem to Example 10.2. Here we use 
the fact that In [z| is a harmonic function for all z ¥ 0. Let us announce that 
the solution is 


K, — K, 


y= + 
P(x, y) = Ky mR 


and that the level curves P(x, y) = constant are concentric circles, as illustrated in 
Figure 10.3. 


10.2 Invariance of Laplace’s Equation 


(i) 


(2) 


(3) 


(4) 


and the Dirichlet Problem 


Theorem 10.1 Let ®(u, v) be harmonic in a domain G in the w plane. Then 
® satisfies Laplace’s equation 


DAU, v) + D,(u, vy = 0 
at each point w = u + ivin G. If 
w = f(z) = u(x. y) + iv, ¥) 


is a conformal mapping from a domain D in the z plane onto G, then the 
composition 


O(x, y) = Puts, y), vx, y)) 
is harmonic in D, and © satisfies Laplace’ s equation 
(x, y) + O40%, y) =0 


at each point z = x + iy in D. 
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Proof Equations (1) and (4) are facts about the harmonic functions ® and 
that were studied in Section 3.3. A direct proof that the function © in equation (3) 
is harmonic would involve a tedious calculation of the partial derivatives 6,, and 
o,,. An easier proof uses a complex variable technique. Let us assume that there is 
a harmonic conjugate V(u, v) so that the function 


(5) g(w) = By, v) + i Vy, v) 


is analytic in a neighborhood of the point wo = f(z). Then the composition 
A(z) = g(f(z)) is analytic in a neighborhood of zy and can be written as 


(6) A(z) = P(u(x, vy), vox, y)) + PV (ud, y), vy, ¥)). 


If we use Theorem 3.5, it follows that B{u(x, y), v(x, y)) is harmonic in a neighbor- 
hood of zo, and Theorem 10.1 is established. 


EXAMPLE 10.4 Show that 6(x, y) = arctan[2x/(x? + y? — 1)] is harmonic in 
the disk |z| < 1, where —x/2 < arctan t < 4/2. 
Solution The results of Exercise 10 of Section 9.2 show that the function 


itz 1-x-y i2x 
—-z wt+(y-1P «ee +(y- 1” 


is a conformal mapping of the disk |z| < 1 onto the right half plane Re(w) > 0. 
The results from Exercise 12 in Section 5.2 show that the function 


(8) D(u, vy) = arctan = = Arg(u + iy) 
! 


is harmonic in the right half plane Re(w) > 0. We can use equation (7) to write 


1-x- y? —2x 


(9) u(x y) = and v(x, y) = 


ety =e ety De 
Substituting equation (9) into equation (8) and using equation (3), we see that 
o(x, y) = arctan(v(x, y)/u(x, y)) = arctan(2x/(x7 + y? — 1)) is harmonic for 
|z| < 1. 


Let D be a domain whose boundary is made up of piecewise smooth contours 
joined end to end. The Dirichlet problem is to find a function 6 that is harmonic in 
D such that 6 takes on prescribed values at points on the boundary. Let us first study 
this problem in the upper half plane. 


EXAMPLE 10.5 Show that the function 


1 ) | ; 
(10) (yu, v) = — Arctan i = — Arg(w — uo) 
n u— Uo Ru 
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is harmonic in the upper half plane Im(w) > 0 and takes on the boundary values 


(11) ®(u, 0) = 0 foru > ug and 
Ou,0)= 1 foru< uo. 


Solution The function 
| | i 
(12) gw) = = Log(w ~ uo) = = In|w ~ wo] + = AreQw — uo) 


is analytic in the upper half plane Im(w) > 0, and its imaginary part is the harmonic 
function (1/1) Arg(w — uo). 


Remark Let ¢ be areal number. We shall use the convention Arctan(teo) = 1/2 
so that the function Arctan ¢ denotes the branch of the inverse tangent that lies in 
the range 0 < Arctan t < x. This will permit us to write the solution in equation 
(10) as P(u, v) = (I/m) Arctan(v/(u — uo). 


Theorem 10.2 (/4-Value Dirichlet Problem for the Upper Half 
Plane) Letu, <u, <--+-<uy_, denote N — 1 real constants. The function 


N-1 


(13) @lu, v) = ay_) + z & (ay_) — ay) Arg(w — uy) 
1 N-1 
= @y-1 + > (@,_) — @) Arctan 
Te k=1 “ui uy 


is harmonic in the upper half plane Im(w) > 0 and takes on the boundary 


values 
(14) @D(u, 0) = ay foru <u, 
M(u, 0) = a, foru,<u<iys., fork =1,2,...,N—- 2, 


DM(u,0) = ay_;  foru > uy). 

The situation is illustrated in Figure 10.4. 

Proof Since each term in the sum in equation (13) is harmonic, it follows 
that ® is harmonic for Im(w) > 0. To show that ® has the prescribed boundary 
conditions, we fix j and let u; < u < uj,,. Using Example 10.5, we see that 

| 1 
(15) et -~u)=0 ifksj and —Argu—u)=1 ifk>j. 
T 


Using equations (15) in equation (13) results in 


(16) Btu, 0) 


NI 
an + > (ay_) — ay) + ay (a,_-) — aC) 
= (apt 


= ay_\ + (Qn_-2 — Gn_1) ts + (Gay — Gjar) + (Gj) — G1) 
=a foru<u<uj,). 
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——S—— 
@(u, 0) = ay (u, 0) =a, @(u,0)=ay_ (u,0)=ay_, 


(u, 0) =a, 


FIGURE 10.4 The boundary conditions for the harmonic function ®(u, v) in the 
statement of Theorem 10.2. 


The reader can verify that the boundary conditions are correct for u < u, and 
u > uy_y, and the result will be established. 


EXAMPLE 10.6 Find the function (x, y) that is harmonic in the upper half 
plane Re(z) > 0, which takes on the boundary values indicated in Figure 10.5. 


(x,0) = 4 i (x,0) = 1 0 o(x,0) = 3 1 (x,0) =2 


FIGURE 10.5 The boundary values for the Dirichlet problem in Example 10.6. 


Solution This is a four-value Dirichlet problem in the upper half 
plane Im(z) > 0. For the z plane the solution in equation (13) becomes 


1 3 
(7) $09) = a3 + = > (ay; — a,) Arg(z — x). 


Here we have ay = 4, a, = 1, ay = 3, a3 = 2 and x) = —1, x) = 0, x3 = 1, which 
can be substituted into equation (17) to obtain 
4-1 1=3 3-2 
o(x, y) = 2+ = Arg(z + 1) + ro Arg(z — 0) + " Arg(z — 1) 


3 2 1 
= 2+ — Arctan Pe = arctan ~ + — Arctan Z , 
Tt CHL Th x x-1 


——————— eo rrrrenmnainnnininnEnEEEEemnaeel 
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EXAMPLE 10.7 Find the function (x, y) that is harmonic in the upper half 
plane Re(z) > 0, which takes on the boundary values 


o(x,0) = 1 for |x] <1, 
o(x,0)=0 for |x| > 1. 


Solution This is a three-value Dirichlet problem with a) = 0, a, = 1, 


a2 = Oand x, = —1 and x2 = 1. Applying formula (13) the solution is 
0-1 1-0 
om, y) =O+ " Arg(z + 1) + " Arg(z — 1) 
1 y ] y 
= —-— Arctan + — Arctan ——, 
T i ee a= ol, 


and a three-dimensional graph u = (x, y) is shown in Figure 10.6. 


u 


FIGURE 10.6 The graph of u = (x, y) with the boundary values 
(x, 0) = 1 for |x| <1 and (x, 0) = 0 for |x| > 1. 


We now state the N-value Dirichlet problem for a simply connected domain. 
Let D be a simply connected domain bounded by the simple closed contour C, and 
let z;, 22, . . . , zy denote N points that lie along C in this specified order as C is 
traversed in the positive (counterclockwise) sense (see Figure 10.7). Let C, denote 
the portion of C that lies strictly between z, and z,.; (fork = 1,2, ...,N-— 1), 
and let Cy denote the portion that lies strictly between zy and z,. Let aj, a2, ..., 
ay be real constants. We want to find a function (x, y) that is harmonic in D and 
continuous on D U C; U C, U--- U Cy that takes on the boundary values: 


(18) o@,y) =a, forz=x+iyonG, 
(x,y) =a forz=x+ iyonC, 
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The situation is illustrated in Figure 10.7. 


FIGURE 10.7 The boundary values for (x, v) for the Dirichlet problem in the 
simply connected domain D, 


One method for finding © is to find a conformal mapping 
(19) w= f(z) = u(x, y) + ivy, y) 


of D onto the upper half plane Im (w) > 0, such that the N points z), 22, . . . . zy 
are mapped onto the points u, = f(z.) fork = 1,2, ...,N— 1 and zy is mapped 
onto uy = +c along the uw axis in the w plane. 

Using Theorem 10.1, we see that the mapping in equation (19) gives rise to a 
new N-value Dirichlet problem in the upper half plane Im(w) > O for which the 
solution is given by Theorem 10.2. If we set a9 = ay, then the solution to the 
Dirichlet problem in D with boundary values (18) is 


N-1 
(20) (x, y) = ay_) + a & (ax_1 — ax) Argl f(z) — ux) 
re v(x, y) 
=any_, + _-] — a - A 
an_| . a (ay) a,x) Arctan 15) a 


This method relies on our ability to construct a conformal mapping from D 
onto the upper half plane Im(w) > 0. Theorem 9.4 guarantees the existence of such 
a conformal mapping. 


EXAMPLE 10.8 Find a function (x, y) that is harmonic in the unit disk 
|<| < 1 and takes on the boundary values 


(21) o@ y)=0 forx+ v= e*,0<0< 7, 
o(x, y)= 1 forx + iv = e*®, 7 <6 < 2n, 
Solution Example 9.3 showed that the function 
il — z) 2y l-x-y 


39 had fs ON Se Os ee 
CBee a es @+iy¢y ‘w+ ip¢y 
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is a one-to-one conformal mapping of the unit disk |z| < 1 onto the upper half 
plane Im(w) > 0. Using equation (22), we see that the points z = x + iv that lie on 
the upper semicircle y > 0, | — x* — y? = 0 are mapped onto the positive u axis. 
Similarly, the lower semicircle is mapped onto the negative uw axis as shown in 
Figure 10.8. 


(uw. 0) = 1 &(u, 0) = 0 
foru <0 foru>0O 


e(x ¥) = 1 


FIGURE 10.8 The Dirichlet problems for |z| <1 and lm (w) > 0 in the solution 
of Example 10.8. 


The mapping (22) gives rise to a new Dirichlet problem of finding a harmonic 
function @(u, v) that has the boundary values 
(23) @(u,0)=Oforu>0O and (4,0) = 1 foru <0, 


as shown in Figure 10.8. Using the result of Example 10.5 and the function uw and 
v in the mapping (22), we find that the solution to equation (21) is 
1 (Xx, ¥ 1 [-x-y 
(x, ») = = Arctan Wy) elena OES ae 


u(x, y) 7% 2y 


EXAMPLE 10.9 Find a function (x, y) that is harmonic in the upper half- 
disk H: y > 0, < 1 and takes on the boundary values 


(24) oy) =0 forx + iy =e",0<6<n, 
o(x,0)= 1 for-l<x<l. 


< 


Solution By using the result of Exercise 4 in Section 9.2 the function in 
(22) is seen to map the upper half-disk H onto the first quadrant Q: vu > 0, vy > 0. 
Using the conformal mapping (22), we see that points < = x + iy that lie on the 
segment y = 0, —1 <x < 1 are mapped onto the positive v axis. 

Mapping (22) gives rise to a new Dirichlet problem of finding a harmonic 
function ®(u, v) in Q that has the boundary values 


(25) @(u,0)=0 foru>O and (0,7) =1 forv> 0, 
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as shown in Figure 10.9. In this case the method in Example 10.2 can be used to 
see that D(u, v) is given by 
1-0 2 2 
(26) (u,v) = 0 + —— Arg w = — Arg w = = Arctan~. 
1/2 T qT u 
Using the functions u and v in mapping (22) in equation (26), we find that the 
solution of the Dirichlet problem in H is 


2 v(x, y) 2 
(x, y) e rctan rr ees rctan 


Lt = 
2y : 


1l+z 
————— 
(0,v) = 1 
for v>0 
x 
-1 o(x,0)=1 for -l<x<1 1 0 (u,0)=0 for u>0 


FIGURE 10.9 The Dirichlet problems for the domains H and Q in the solution of 
Example 10.9. 


A three-dimensional graph u = (x, y), in cylindrical coordinates is shown in Figure 
10.10. 


2 1-x-y\ 2 1=r? 
FIGURE 10.10 The graph wu = — Arctan 2 * A Y | == Arctan a ‘ 
T 2y tT 2 rsin 6 
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EXAMPLE 10.10 Find a function 6(x, y) that is harmonic in the quarter disk 
G:x >0,y > 0, |z| <1 and takes on the boundary values 


(27) o@,y)=0 forz = e®,0<6< 7/2, 


o@,0)=1 forOsx<1, 
o0,y)=1 forOsy<tl. 


Solution The function 
(28) utiv=2=x? — y? + i2dxy 


maps the quarter disk onto the upper half-disk H: v > 0, | w | < 1. The new Dirichlet 
problem in H is shown in Figure 10.11. From the result of Example 10.9 the solution 
®(u, v) in His 

2 ae 
(29) (u,v) = = Aretan 

T v 
Using equation (28), one can show that u? + v2 = (x? + y?)? and 2v = 4xy, which 
can be used in equation (29) to show that the solution @ in G is 


LG hy2) 
4xy . 


2, 
o(x, y) = is Arctan 


o0,y)=1 
for Os y<1 


x 2 r) 
9 O(x,0)=1 for 0<x<1 ! -1 o(u,0)=1 for -l<u<1 1 


FIGURE 10.11 The Dirichlet problems for the domains G and H in the solution 
of Example 10.10. 


A three-dimensional graph u = (x, y) in cylindrical coordinates is shown in Figure 
10.12. 
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FIGURE 10.12 The graph 
a ae ad 
u= = arctan Pe a = arctan (5) . 


Axy 4r’cos 6 sin 0 


EXERCISES FOR SECTION 10.2 


For all of the following exercises, find a solution (x, y) of the Dirichlet problem in the 
domain indicated that takes on the prescribed boundary values. 


1. Find the function (x, y) that is harmonic in the horizontal strip 1 < Im(z) < 2 and has 
the boundary values 


o(x, 1) = 6 forallx, (x, 2) = —3 forall x. 


2. Find the function (x, y) that is harmonic in the sector 0 < Arg z < 7/3 and has the 
boundary values 


ox, y) = 2 for Argz = 7/3, o(%,0)=1 forx>0. 


3. Find the function 6(x, y) that is harmonic in the annulus 1 < |z| < 2 and has the 
boundary values 


(x,y) =5 when |z| = 1, 6(x,y) = 8 when |z| = 2. 


4. Find the function o(x, y) that is harmonic in the upper half plane Im(z) > 0 and has the 
boundary values 


o(x,0)= 1 for-1<x<1, o(,0)=0 for |x| >1. 
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5. 


10. 


11. 


12. 


13. 


14. 
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Find the function $(x, y) that is harmonic in the upper half plane Im(z) > 0 and has the 
boundary values 


o(x,0) = 3 forx< -3, o(4,0)=7 for-3<x< —-l, 
o(x,0) = 1 for -1<x< 2, o(x,0) = 4 forx > 2. 


Find the function (x, y) that is harmonic in the first quadrant x > 0, y > O and has the 
boundary values 


o(0,y) =0 fory> 1, o0,y)=1 forO<y< 1], 
o(x,0) = 1 forOsx<1, o@,0)=0 forx> 1. 


Find the function $(x, y) that is harmonic in the unit disk | z | < 1 and has the boundary 
values 


o@,y)=0 forz=e",0<O0<7, 
b.¥) = 5 forz = e",n <6 < 2n, 


Find the function (x, y) that is harmonic in the unit disk |z| < 1 and has the boundary 
values 


ox. y) = 8 forz=e*,0<O0<_, 
bx, y) = 4 forz =e", 7 <0 < 2n. 


Find the function (x, y) that is harmonic in the upper half-disk y > 0, |z| < 1 and has 
the boundary values 


o(x, y) = 5 forz=e®, O<O8<n, 
ots, 0) = -S for-l<x< Il, 


Find the function o(x, y) that is harmonic in the portion of the upper half plane 
Im(z) > 0 that lies outside the circle |z| = 1 and has the boundary values 


o(x,y) = 1 forz = e®,0<0<a, 
o(x,0) = 0 for |x| > 1. 


Hint: Use the mapping w = —1/z and the result of Example 10.9. 
Find the function (x, y) that is harmonic in the quarter disk x > 0. y > 0, [z| <1 and 
has the boundary values 


(x, y) = 3 for z = e”,0< 06 < n/2, 
o(x,0)= -3 forO0sx<l, 
o(0, vy) = -3 forO<y< 1, 


Find the function (x, y) that is harmonic in the unit disk | z| < 1 and has the boundary 
values 


d(x, y) = 1 forz 
o(x,y) = 0 forz 


e”®, —n/2 <0 < n/2, 
e?, a/2 <8 < 3n/2. 


tt 


Look up the article on the Poisson integral formula and discuss what you found. Use 
bibliographical item 115. 

Write a report on how computer graphics are used for graphing harmonic functions, 
complex functions, and conformal mappings. Resources include bibliographical items 
33, 34, 109, and 146. 
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10.3. Poisson’s Integral Formula for the Upper Half Plane 


The Dirichlet problem for the upper half plane Im(z) > 0 is to find a function 
(x, y) that is harmonic in the upper half plane and has the boundary values 
o(x, 0) = U(x), where U(x) is a real-valued function of the real variable x. 


Theorem 10.3 (Poisson’s Integral Formula) Let U(1) be a real-valued 
function that is piecewise continuous and bounded for all real t. The function 


vy {~ U(t) dt 
QM Oy = FY] Cum ee 

is harmonic in the upper half plane Im(z) > 0 and has the boundary values 
(2) o(x. 0) = U(x) wherever U is continuous. 

Proof The integral formula (1) is easy to motivate from the results of The- 
orem 10.2 regarding the Dirichlet problem. Lett; <tp<--+ < ty denote N points 
that lie along the x axis. Let 9 <r) <--- < tbe N+ 1 points that are chosen so 


that tf, <% <4, (fork = 1,2, ... ,N) and U(t) is continuous at each value f,. 
Then according to Theorem 10.2, the function 


; l N . . 
(3) Px, y) = Ulty) + = > [UGi_,) — UD) Arg(z — 4) 


is harmonic in the upper half plane and takes on the boundary values 
(4) O(@, 0) = Ul) forx < fh, 

M(x, 0) = Ut) forge <x < ha, 

P(x, 0) = U(ty) for x > ty, 


as shown in Figure 10.13. 


=e R 
= Ut) = U(tt) b= UIE 1) =U) 
>= UF) 


FIGURE 10.13 The boundary values for ® in the proof of Theorem 10.3. 
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We can use properties of the argument of a complex number in Section 1.4 to 
write equation (3) in the form 
N=1 


| eee ] % Zo teat 
(5) Ox, y) = — Ulf) Arg(z ~ 4) + — S) Ul) Arg| ——— 
nT WT k=) = 


Ih Ay 
+ = Ulin — Argtz — ty). 
The value ®(x, y) in equation (5) is given by the weighted mean 
ig . 
(6) ®G,y) =— > UD AG, 
T &0 


where the angles A®; (k = 0, 1, . . . , N) sum up to zm and are shown in Figure 
10.13. 
Using the substitutions 
y dt 
(x - fP+ yy? 


(7) 8 = Arg(z-—1 = Arctan( J 
aes 


) and d@ = 
we can write equation (6) as 
7 U(t,) At 


; » 


The limit of the Riemann sum, equation (8), becomes an improper integral 


cs is be U(t) at 
0 y) =o f. Gree 


and the result is established. 


EXAMPLE 10.11 Find the function (x, y) that is harmonic in the upper half 
plane Im(z) > 0 and has the boundary values 


(9) o(x,0) = 1 for-l<x<1, (x, 0) =0 for |x| > 1. 


Solution Using formula (1), we obtain 
dt 1 | } ydt 


la-RP+y nsi@—pty? 


y [ 
(10) oy) = | 


Using the antiderivative in equation (7), we can write the solution in equation 
(10) as 


(x, y) = : arctan( z | 
tt x 


; > ] : 
2 — — Arctan : : 
x- 1 1 x+1 


lt 
I 
> 
5 
Q 
oo 
tev) 
3 
ra 
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EXAMPLE 10.12 Find the function 6(x, y) that is harmonic in the upper half 
plane Im(z) > 0 and has the boundary values 


(11) O(x,0) =x for-1<x<1, $(,0)=0 for |x| >1. 


Solution Using formula (1), we obtain 


y(t t dt 
(12) oo = 2] 


mJ-1(x— 1)? + y? 
_»f[' @-dC)a x i eh eee 
“mi-t@-—+y wie — 12 + yy? 
Using techniques of calculus and equations (7), we find that the solution in 
equation (12) is 
ye Te Pe 


CO ek DER 


y 
igi Tes 


x x 
+ — Arctan — — Arctan 
Tt 1 EG 


x+1° 

The function (x, y) is continuous in the upper half plane and on the boundary 
(x, 0) has discontinuities at x = +1 on the real axis. The graph in Figure 10.14 
shows this phenomenon. 


FIGURE 10.14 The graph of u = 6(x, y) with the boundary values (x, 0) = x for 
|x| <1 and o(x, 0) = 0 for |x| > 1. 


EXAMPLE 10.13 Find (x, y), harmonic in the upper half plane Im(z) > 0, 
that has the boundary values (x, 0) = x for |x| < 1, 6(%, 0) = -1 forx < —1, 
and o(x, 0) = 1 forx > 1. 


Solution Using techniques from Section 10.2, the function 


y 
xed 


x—] 


1 1 
v(x, y) = 1 — — Arctan — — Arctan 
Tt Tt 
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is harmonic in the upper half plane and has the boundary values v(x, 0) = O for 
| x | <1, v(x, 0) = -1 for x < —J, and v(x, 0) = 1 for x > 1. This function can be 
added to the one in Example 10.12 to obtain the desired result, which is 


y (x — 1)? + y? x- 1 y 
.y) = 14+2m|———— | + Arctan — 
o(x, y) aa In E& | : rctan 


x+] 


x+10 


Arctan 


Figure 10.15 shows the graph of (x, y). 


FIGURE 10.15 The graph of wu = (x, y) with the boundary values o(x, 0) = x for 
|x| <1, (x, 0) = —1 for x < —1 and (x, 0) = 1 forx > 1. 


EXERCISES FOR SECTION 10.3 


1, Use Poisson’s integral formula to find the harmonic function (x, y) in the upper half 
plane that takes on the boundary values 


o(t,0) = Ui) =0 fort <0, 
o7,0)= UHh=t forO<t< 1, 
o7, 0) = UA =0 forl <4 


2. Use Poisson’s integral formula to find the harmonic function (x, y) in the upper half 
plane that takes on the boundary values 


eRe Ue. Ont sO: 
o7,0) = UH) =t forO<t< 1, 
oc, 0) = Ut)=1 forl<t 


3. Use Poisson’s integra] formula for the upper half plane to conclude that 


, 4° cos t dt 
d(x, y) = e’cos x = »{ EET TRS 
WH J-0 (x — tr + yr 
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4, Use Poisson’s integral formula for the upper half plane to conclude that 


: y {* sin ft dt 
o(x ¥y) = ev sine = = eRe 
TJ-~ (x — tp + 


5. Show that the function (x, y) given by Poisson’s integral formula is harmonic by ap- 
plying Leibniz’s rule, which permits us to write 


‘a 1 [ {er # y 
—+—)oxny =-] Uo |—+—}]——— la 
& 3) soe 3 i \(< =) (e- e t+ | ‘ 


6. Let U(t) be a real-valued function that satisfies the conditions for Poisson's integral 
formula for the upper half plane. If U(r) is an even function, that is, U(—¢) = U(t), then 
show that the harmonic function (x, y) has the property 0(—x, vy) = O(a, ¥). 

7. Let U(t) be a real-valued function that satisfies the conditions for Poisson’s integral 
formula for the upper half plane. If U(t) is an odd function, that is, U(- = ~U(t). 
then show that the harmonic function (x, y) has the property o(—x, y) = —(x, ¥). 

8. Write a report on the Dirichlet problem and include some applications. Resources in- 
clude bibliographical items 70. 71, 76, 77, 85, 98, 135, and 138. 


10.4 Two-Dimensional Mathematical Models 


We now turn our attention to problems involving steady state heat flow, electro- 
statics, and ideal fluid flow that can be solved by conformal mapping techniques. 
The method uses conformal mapping to transform a region in which the problem is 
posed to one in which the solution is easy to obtain. Since our solutions will involve 
only two independent variables, x and y, we first mention a basic assumption needed 
for the validity of the model. 

The physical problems we just mentioned are real-world applications and in- 
volve solutions in three-dimensional Cartesian space. Such problems generally 
would involve the Laplacian in three variables and the divergence and curl of three- 
dimensional vector functions. Since complex analysis involves only x and y, we 
consider the special case in which the solution does not vary with the coordinate 
along the axis perpendicular to the xy plane. For steady state heat flow and electro- 
statics this assumption will mean that the temperature 7, or the potential V, varies 
only with x and y. For the flow of ideal fluids this means that the fluid motion is the 
same in any plane that is parallel to the < plane. Curves drawn in the z plane are to 
be interpreted as cross sections that correspond to infinite cylinders perpendicular 
to the < plane. Since an infinite cylinder is the limiting case of a ‘“‘long”’ physical 
cylinder, the mathematical model that we present is valid provided that the three- 
dimensional problem involves a physical cylinder long enough that the effects at 
the ends can be reasonably neglected. 

In Sections 10.1 and 10.2 we learned how to obtain solutions (x, y) for har- 
monic functions. For applications it is important to consider the family of level 
curves 


(1) {o(x, y) = Ky: K, is areal constant} 
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and the conjugate harmonic function W(x, y) and its family of leve] curves 
(2) {W(x y) = Ko: K> is a real constant}. 


It is convenient to introduce the terminology complex potential for the analytic 
function 


(3) F(z) = (x, y) + h(x, y). 


The following result regarding the orthogonality of the above mentioned families 
of level curves will be used in developing ideas concerning the physical applications. 


Theorem 10.4 (Orthogonal Families of Level Curves) Let (x, y) be 
harmonic in a domain D, Let W(x, y) be the harmonic conjugate, and let 
F(z) = o(x, vy) + ix, y) be the complex potential. Then the two families of 
level curves given in (1) and (2), respectively, are orthogonal in the sense that 
if (a, b) is a point common to the two curves O(x, vy) = K, and (x, y) = Ko, 
and if F'(a + ib) # 0, then these two curves intersect orthogonally. 


Proof Since (x, y) = K, is an implicit equation of a plane curve, the gra- 
dient vector grad , evaluated at (a, b), is perpendicular to the curve at (a, b). This 
vector is given by 
(4) Ni = 9,(a, b) + i9,(a, b). 

Similarly, the vector N- defined by 
(5) No = (a, b) + ab,(a, b) 


is orthogonal to the curve W(x, vy) = K2 at (a, b). Using the Cauchy-Riemann equa- 
tions, d, = wh, and 0, = —wW,, we have 


(6) N,* No = o,(a, b)lWa, 6) + O(a, Ob, (a, B)} 
= o,(a, b)[-o,(a, b)] + ba, b)[d.(a, b)] = 0. 


In addition, since F’(a + ib) # 0, we have 
(7) 0,(a, b) + aba, b) # 0. 


The Cauchy-Riemann equations and inequality (7) imply that both N, and N> are 
nonzero. Therefore equation (6) implies that N, is perpendicular to N2, and hence 
the curves are orthogonal. 


The complex potential F(z) = (x, vy) + Ab(x, y) has many physical interpre- 
tations. Suppose, for example, that we have solved a problem in steady state tem- 
peratures; then a similar problem with the same boundary conditions in electrostatics 
is obtained by interpreting the isothermal]s as equipotential curves and the heat flow 
lines as flux lines. This implies that heat flow and electrostatics correspond directly. 
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Or suppose we have solved a fluid flow problem; then an analogous problem 
in heat flow is obtained by interpreting the equipotentials as isothermals and stream- 
lines as heat flow lines. Various interpretations of the families of level curves given 
in expressions (1) and (2) and correspondences between families are summarized 
in Table 10.1. 


Table 10.1 Interpretations for Level Curves 


Physical 

Phenomenon o(x, y) = constant w(x, y) = constant 
Heat flow Isothermals Heat flow lines 
Electrostatics Equipotential curves Flux lines 
Fluid flow Equipotentials Streamlines 
Gravitational field Gravitational potential Lines of force 
Magnetism Potential Lines of force 
Diffusion Concentration Lines of flow 
Elasticity Strain function Stress lines 
Current flow Potential Lines of flow 


10.5 Steady State Temperatures 


In the theory of heat conduction the assumption is made that heat flows in the 
direction of decreasing temperature. We also assume that the time rate at which heat 
flows across a surface area is proportional to the component of the temperature 
gradient in the direction perpendicular to the surface area. If the temperature 
T(x, y) does not depend on time, then the heat flow at the point (x, y) is given by 
the vector 


(1) V(x, y) = —K grad T(x, y) = —KI[T.G, y) + iT. y)), 


where K is the thermal conductivity of the medium and is assumed to be constant. 
If Az denotes a straight line segment of length As, then the amount of heat flowing 
across the segment per unit of time is 


(2) V-NAs, 


where N is a unit vector perpendicular to the segment. 

If we assume that no thermal energy is created or destroyed within the region, 
then the net amount of heat flowing through any small rectangle with sides of length 
Ax and Ay is identically zero (see Figure 10.16(a)). This leads to the conclusion that 
T(x, y) is a harmonic function. The following heuristic argument is often used to 
suggest that T(x, y) satisfies Laplace’s equation. Using expression (2), we find that 
the amount of heat flowing out of the right edge of the rectangle in Figure 10.16(a) 
is approximately 


(3) V-N, As; = —K[T,@ + Ax, y) + iT.& + Ax, vy] > CU + 08) Ay 
= —KT {x + Ax, y) Ay, 
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and the amount of heat flowing out of the left edge is 


(4) V-°N) As) = —K[T,(x, y) + iT,@, y)] > (—1 + Oi) Ay = KT,(, y) Ay. 


y iy 
S(x, y) =B 
V (x, y+ Ay) V (x+ Ax y+ Ay) Heat 
flow 
lines 
Vixy)- V(x +x, y) 
T(x, y) = 
Isothermals 


(a) The direction of heat flow. (b) Heat flow lines and isothermals. 


FIGURE 10.16 Steady state temperatures. 


If we add the contributions in equations (3) and (4), the result is 


T(x + Ax, y) — T(x, y) 


ee | Ax Ay = —KT,,(x, y) Ax Ay. 


(5) —-K 
In a similar fashion it is found that the contribution for the amount of heat 

flowing out of the top and bottom edges is 

T(x, y + Ay) — Ty, y) 

yn | At Ay = KTinGe 9) Ae dy. 

Adding the quantities in equations (5) and (6), we find that the net heat flowing out 

of the rectangle is approximated by the equation 


(7) —K[TxAx, y) + Ty, y)] Ax Ay = 0, 


(6) -x| 


which implies that T(x, y) satisfies Laplace’s equation and is a harmonic function. 
If the domain in which T(x, y) is defined is simply connected, then a conjugate 
harmonic function S(x, y) exists, and 


(8) F(z) = T(x, y) + iS(x, y) 


is an analytic function. The curves T(x, y) = K, are called isothermals and are lines 
connecting points of the same temperature. The curves S(x, y) = K> are called the 
heat flow lines, and one can visualize the heat flowing along these curves from points 
of higher temperature to points of lower temperature. The situation is illustrated in 
Figure 10.16(b). 

Boundary value problems for steady state temperatures are realizations of the 
Dirichlet problem where the value of the harmonic function T(x, y) is interpreted as 
the temperature at the point (x, y). 
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EXAMPLE 10.14 Suppose that two parallel planes are perpendicular to the 
z plane and pass through the horizontal lines y = a and y = b and that the temperature 
is held constant at the values T(x, a) = T; and T(x, b) = T>, respectively, on these 
planes. Then 7 is given by 


T, — T; 
b-a 


(9) Tx, y)=7T, + (y — a). 


Solution It is reasonable to make the assumption that the temperature at 
all points on the plane passing through the line y = yo is constant. Hence 7(x, y) = 
t(y), where t(y) is a function of y alone. Laplace’s equation implies that r’(y) = 0, 
and an argument similar to that in Example 10.1 will show that the solution T(x, y) 
has the form given in equation (9). 

The isothermals T(x, y) = & are easily seen to be horizontal lines. The con- 
jugate harmonic function is 


amen Ua 


and the heat flow lines S(x, y) = B are vertical segments between the horizontal 
lines. If T; > T>, then the heat flows along these segments from the plane through 
y = ato the plane through y = 0 as illustrated in Figure 10.17. 


T(x,b) = T, 


<— T(xy) =a 
isothermals 


S(x,y) =B heat flow lines 


oe 


FIGURE 10.17 The temperature between parallel planes where T; > 7). 


EXAMPLE 10.15 Find the temperature 7(x, y) at each point in the upper half 
plane Im(z) > 0 if the temperature along the x axis satisfies 


(10) 7(x,0)=7, forx>0O and T(x,0)=7 forx <0. 


Solution Since T(x, y) is a harmonic function, this is an example of a 
Dirichlet problem. From Example 10.2 it follows that the solution is 


bE aaah 
(1) Tay =7, + Tae Zi 
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The isothermals T(x, y) = @ are rays emanating from the origin. The conjugate 
harmonic function is S(x, y) = (l/t)(T; — T2) In |z|, and the heat flow lines 
S(x, y) = B are semicircles centered at the origin. If T, > 72, then the heat flows 
counterclockwise along the semicircles as shown in Figure 10.18. 


y 
T(xy) =a 
isothermals 


<_ 


~<— S(xy)=B 
heat flow lines 


x 
T(x,0)=T7, for x<0 T(x,0)=T, for x>0 
2 l 


FIGURE 10.18 The temperature 7(x, y) in the upper half plane where 7; > 7. 


EXAMPLE 10.16 Find the temperature 7(x, y) at each point in the upper half- 
disk H: Im(z) > 0, z| < 1 if the temperature at points on the boundary satisfies 
(12) Tx, y) = 100 forz = e®,0<0<a, 

Tx,0)=50 for-l<x<l. 


Solution As discussed in Example 10.9, the function 


eo Tg) 2y AY Nonke sleny 8 
13) ut iv =——— = ——>_ _ + i —___—.~ 
DEY Sire. veiee yes ae ae 
is a one-to-one conformal mapping of the half-disk H onto the first quadrant 
Q: u > 0, v > 0. The conformal map (13) gives rise to a new problem of finding 
the temperature 7*(u, v) that satisfies the boundary conditions 


(14) T*(u,0)= 100 foru>0O and T*(0,v) =50 forv>0. 
If we use Example 10.2, the harmonic function T*(u, v) is given by 


Oeil 1 
GSS eT RCE =A ee ee SOS Arca 
n/2 Tt u 
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Substituting the expressions for u and v in mapping (13) into equation (15) yields 
the desired solution 


Boe shan 


100 
T(x, y) = 100 — — Arct. 
(x, y) . rctan 2y 


The isothermals T(x, y) = constant are circles that pass through the points +1 as 
shown in Figure 10.19. 


T(x,y) = 100 


-] T(x,0)=50 for -l<x<1 1 


FIGURE 10.19 The temperature 7(x, y) in a half-disk. 


We now turn our attention to the problem of finding the steady state temper- 
ature function 7(x, y) inside the simply connected domain D whose boundary con- 
sists of three adjacent curves C), C2, and C3, where T(x, y) = 7, along C), T(x, y) 
= T> along C, and the region is insulated along C3. Zero heat flowing across C3 
implies that 


(16) V(x, y)- N@, y) = —KN(Q, y)° grad T(x, y) = 0, 


where N(x, y) is perpendicular to C3. This means that the direction of heat flow must 
be parallel to this portion of the boundary. In other words, C3 must be part of a heat 
flow line S(x, y) = constant and the isothermals T(x, y) = constant intersect C3 
orthogonally. 

This problem can be solved if we can find a conformal mapping 


(17) w=f(z) = u(x, y) + iv, y) 


from D onto the semi-infinite strip G: 0 < u < 1, v > 0 so that the image of the 
curve C| is the ray u = 0, v > 0; the image of the curve C) is the ray given by 
u = 1, v > 0; and the thermally insulated curve C3 is mapped onto the thermally 
insulated segment 0 < u < | of the uw axis, as shown in Figure 10.20. 
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Piaget: 


FIGURE 10.20 Steady state temperatures with one boundary portion insulated. 


The new problem in G is to find the steady state temperature function 
T*(u, v) so that along the rays we have the boundary values 


(18) T*(O.y)=7, forvy>O0O and 7*(l,v) =T7T, forv>0. 


The condition that a segment of the boundary is insulated can be expressed math- 
ematically by saying that the normal derivative of T*(u. v) is zero. That is, 


Pa 


dn 


(19) = Ti(u, 0) = 0 
where n is a coordinate measured perpendicular to the segment. 
It is easy to verify that the function 


(20) 7T*(u, vy) = T; + (Tr — T,)u 


satisfies the conditions (19) and (20) for the region G. Therefore using (17), we find 
that the solution in D is 


(21) Tay) = T + (72 — Ty)ua, y). 


The isothermals T(x, y) = constant, and their images under w = f(z) are illustrated 
in Figure 10.20. 


EXAMPLE 10.17 Find the steady state temperature T(x, y) for the domain D 
consisting of the upper half plane Im(z) > O where T(x, y) has the boundary 
conditions 


(22) Tx,0)= 1 forx > 1 and Ya,0)=—-1 forx<—I1 and 


oT 
— =Tx,0)=0 for-l<x< 1, 
on : 
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Solution The mapping w = Arcsin z conformally maps D onto the semi- 
infinite strip v > 0, —1/2 <u < 1/2, where the new problem is to find the steady 
state temperature 7*(u, v) that has the boundary conditions 


(23) m(E, ») = 4. for 6) and ro(. ») 22 -fopy Ss 6 
oT* x eo T 
and : = T (u, 0) = 0 in <u<r, 
n 2 2 


By using the result of Example [0.1 it is easy to obtain the solution 


) 
(24) T*(u,v) = =u. 
n 


Therefore the solution in D is 
2 
(25) Tia y) = - Re(Arcsin z). 


If an explicit solution is required, then we can use formula (14) in Section 9.4 to 

obtain 
Kx+1Pt+y- /@- iy +9 

(26) Ty) = Aa ete AC Sai ae ae | 


aresin| ~ 
‘ 2 


Alt 


where the real function arcsin f has range values satisfying —1/2 < arcsint < n/2, 
see Figure 10.21. 


TH02 P2032 
T=-04 T=04 
Tate T=06 
Te aN T=08 
os Lain F 
Fo1b af 1 T=10 


FIGURE 10.21 The temperature T(x, y) with T.(x, 0) = 0 for -1<x <1, 
and boundary values T(x, 0) = —1 for x < —! and T(x, 0) = 1 forx > 1, 
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EXERCISES FOR SECTION 10.5 


1. Show that H(x, y, z) = W/V/x? + y? + 2 satisfies Laplace’s equation H,, + Hyy + 
H., = 0 in three-dimensional Cartesian space but that h(x, y) = 1/./x? + y* does not 
satisfy equation h,, + h,, = 0 in two-dimensional Cartesian space. 

2. Find the temperature function 7(x, y) in the infinite strip bounded by the lines y = —x 
and y = 1 — x that satisfies the boundary values in Figure 10.22. 


T(x, —x) = 25 for all x, 
T(x, 1 — x) = 75 for all x. 


FIGURE 10.22 Accompanies Exercise 2. 


3. Find the temperature function 7(x, y) in the first quadrant x > 0, y > O that satisfies the 
boundary values in Figure 10.23. Hint: Use w = z?. 


T(x,0) = 10 forx> 1, 
T(x, 0) = 20 forO<x< 1, 
TO, y) = 20 forO<sy<1, 
TO, y)= 10 fory>1. 


F=20.° Ty -7r=10 
FIGURE 10.23 Accompanies Exercise 3. 


4. Find the temperature function T(x, y) inside the unit disk |z| < 1 that satisfies the 
boundary values in Figure 10.24. Hint: Use w = i(1 — z)/(1 + 2). 


T(x, y) = 20 forz =e, 0<0<5, 


T(x, y) = 60 for z = e®, - <6<2n. 
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FIGURE 10.24 Accompanies Exercise 4. 


5. Find the temperature function 7(x, y) in the semi-infinite strip —n/2 <x < 1/2, y >0 
that satisfies the boundary values in Figure 10.25. Hint: Use w = sin z. 


1(§.») = 100 for y > 0, 
T(x, y) = 0 forS*<x<F, 
= 

1 =. ») = 100 for y > 0. 


y 
T= 100 T= 100 


—n/2 T=0 m/2 


FIGURE 10.25 Accompanies Exercise 5. 


6. Find the temperature function T(x, y) in the domain r > 1, 0 < 6 < 7 that satisfies the 
boundary values in Figure 10.26. Hint: w = i(1 — z)/(1 + z). 


y 


T=0 -1 1 T=0 
FIGURE 10.26 Accompanies Exercise 6. 
T(x,0)=0 forx> 1, 


T(x, 0) =0 forx< -1, 
Tix, y)= 100 ifz=e®O0<6<n. 
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7. Find the temperature function T(x, y) in the domain 1 <r < 2,0 < @ < 7/2 that satisfies 
the boundary conditions in Figure 10.27. Hint: Use w = Log z. 


T(x, y) = 0 forr =e, 0<0<7, 


a 


T(x, y) = 50 forr = 2e®,0<0<-, 


2 
oT 

—=T7,4,0)=0 forl<x<2, 

an 


oT 
—=T,0,y)=0 forl<y<2, 


on 
Bs 
2i 
oT T=50 
an “0 
|e 
x 
1 ar 2 
on 


FIGURE 10.27 Accompanies Exercise 7. 


8. Find the temperature function 7(x, y) in the domain 0 < r < 1, 0 < Arg z < @ that 
satisfies the boundary conditions in Figure 10.28. Hint: Use w = Log z. 


0 T = 100 l 


FIGURE 10.28 Accompanies Exercise 8. 


T(x, 0) = 100 forO0<x<1, 
Ta, y)= 50 forz = re*,0<r< 1, 
E 
as forz = e®,0<0<«a. 
on 
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9. Find the temperature function T(x, y) in the first quadrant x > 0, y > 0 that satisfies the 
boundary conditions in Figure 10.29. Hint: Use w = Arcsin z?. 


T(x, 0) = 100 forx > 1, 
TO, y)= —-50 fory>1, 


oT 
on ee) = 8 forO<x<1, 
oT 
a (0, y) = 0 forO<y<1. 
y 
=-50 
i 
oT 
an =e 
x 
oT _4 | T=100 
on” 


FIGURE 10.29 Accompanies Exercise 9. 


10. Find the temperature function T(x, y) in the infinite strip 0 < y < 7m that satisfies the 
boundary conditions in Figure 10.30. Hint: Use w = e*. 


T(x, 0) = 50 for x > 0, 
T(x, m) = —50 forx>0, 


oT 
— = 7T,G, 0) = 0 for x < 0, 


on 
iM 
— = Tx, n) = 0 for x < 0. 
on ‘ 
y 
oT =0 


dn” in T=-50 


oT 0 T=50 


dn - 


FIGURE 10.30 Accompanies Exercise 10. 
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11. Find the temperature function 7(x, y) in the upper half plane Im(z) > 0 that satisfies the 
boundary conditions in Figure 10.31. Hint: Use w = 1/z. 


T(x, 0) = 100 for0<x< 1, 
T(x, 0) = -100 for-l1<x<0Q, 


T 
gs (x, 0) = 0 forx > 1, 
on : 


oT 
— = T(x, 0) =0 forx< —1. 
on : 


OT _9 T=-100 7=100 97 _g 
an dn 


FIGURE 10.31 Accompanies Exercise 11. 


12. Find the temperature function T(x, y) in the first quadrant x > 0, y > O that satisfies the 
boundary conditions in Figure 10.32. 


T(x, 0) = 50 for x > 0, 
T(0, y) = —50 fory> 1, 


aE Petia forO<y< 1. 
on 

y 
T=-50 

i 
oT 
an a 

x 
0 T=50 


FIGURE 10.32 Accompanies Exercise 12. 


13. For the temperature function 
bee 92 


100 
T(x, y) = 100 — —— arct 
(x, y) rm arctan ay 
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in the upper half-disk |z| <1, Im(z) > 0, show that the isothermals T(x, y) = @ are 
portions of circles that pass through the points +1 and —1 as illustrated in Figure 10.33. 


FIGURE 10.33 Accompanies Exercise 13. 


14. For the temperature function 
300 
T(x, y) = ae Re(Arcsin z) 


in the upper half plane Im(z) > 0, show that the isothermals T(x, y) = & are portions of 
hyperbolas that have foci at the points +1 as illustrated in Figure 10.34. 


T =-75 T =75 


T =-150 S| \Z ees T =150 
a 


a n 
FIGURE 10.34 Accompanies Exercise 14. 


15. Find the temperature function in the portion of the upper half plane Im(z) > 0 that lies 
inside the ellipse 
2 2 
Aaa : 
cosh? 2 sinh? 2 


=1 


and satisfies the boundary conditions given in Figure 10.35. Hint: Use w = Arcsin z. 


T(x, y) = 80 _ for (x, y) on the ellipse, 
T(x,0)=40 for-l<x< 1, 


ae T,~,0)=0 whenl < |x| < cosh 2. 
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ht 
oT 4 7T=40 , OT, 
on” on” 


FIGURE 10.35 Accompanies Exercise 15. 


0 


10.6 Two-Dimensional Electrostatics 


A two-dimensional electrostatic field is produced by a system of charged wires, 
plates, and cylindrical conductors that are perpendicular to the z plane. The wires, 
plates, and cylinders are assumed to be so long that the effects at the ends can be 
neglected as mentioned in Section 10.4. This sets up an electric field E(x, y) that 
can be interpreted as the force acting on a unit positive charge placed at the point 
(x, y). In the study of electrostatics the vector field E(x, y) is shown to be conser- 
vative and is derivable from a function (x, y), called the electrostatic potential, as 
expressed by the equation 


(1) EQ, y) = — grad oc, y) = — Oy, y) is idy(x, y). 


If we make the additional assumption that there are no charges within the 
domain D, then Gauss’ law for electrostatic fields implies that the line integral of 
the outward normal component of E(x, y) taken around any small rectangle lying 
inside D is identically zero. A heuristic argument similar to the one for steady state 
temperatures with 7(x, y) replaced by (x, y) will show that the value of the line 
integral is 


(2) —[Oxx0%, y) + Oya, y)] Ar Ay. 


Since the quantity in expression (2) is zero, we conclude that (x, y) is a harmonic 
function. We let (x, y) denote the harmonic conjugate, and 


(3) F(z) = o@, y) + aba, y) 


is the complex potential (not to be confused with the electrostatic potential). 

The curves (x, y) = K, are called the equipotential curves, and the curves 
W(x, y) = Ko are called the lines of flux. If a small test charge is allowed to move 
under the influence of the field E(x, y), then it will travel along a line of flux. 
Boundary value problems for the potential function (x, y) are mathematically the 
same as those for steady state heat flow, and they are realizations of the Dirichlet 
problem where the harmonic function is o(x, y). 
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EXAMPLE 10.18 Consider two parallel conducting planes that pass perpen- 
dicular to the z plane through the lines x = a and x = b, which are kept at the 
potentials U, and U2, respectively. Then according to the result of Example 10.1, 
the electrical potential is 

U,-U 


(4) oO, y) =U, + — “(x — a). 
b-a 


EXAMPLE 10.19 Find the electrical potential o(x. v) in the region between 
two infinite coaxial cylinders r = a and r = b, which are kept al the potentials U, 
and U3, respectively. 


Solution The function w = log z = In |z| + i arg z maps the annular 
region between the circles r = a and r = b onto the infinite strip In@ <u < Inb 
in the w plane as shown in Figure 10.36. The potential P(v, v) in the infinite strip 
will have the boundary values 


(5) @dna,v) =U, and @(1nb, v) = U2 forall v. 
If we use the result of Example 10.18, the electrical potential P(u, v) is 


U,- U, 
(6) ®(u, v) = U; + — — (x — Ina), 
Inb-— Ina 


Since « = In |z|, we can use equation (6) to conclude that the potential (x, y) is 


U,—-— U, 


xy = + —————__——_—_ 
OE Inb—-Ina 


(in |<| — Ina). 

The equipotentials (x, y) = constant are concentric circles centered at the origin, 
and the lines of flux are portions of rays emanating from the origin. If VU; << Uj, 
then the situation is illustrated in Figure 10.36. 


EXAMPLE 10.20 Find the electrical potential o(x, y) produced by two 
charged half planes that are perpendicular to the z plane and pass through the rays 
x<—1,y =Oand x > 1, y = 0, where the planes are kept at the fixed potentials 


(7) o(x, 0) = —300 forx< —-1 and (x, 0) = 300 forx > 1. 


Solution The result of Example 9.13 shows that the function w = Arcsin z 
is a conforma] mapping of the z plane slit along the two rays x < —1, y = O and 
x > 1, y = 0 onto the vertical strip —2/2 <u < 1/2, where the new problem is to 
find the potential ®(u, v) that satisfies the boundary values 


(8) o(=.y) = 2300 and off.) = 300 forall y, 
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FIGURE 10.36 The electric field in a coaxial cylinder where U. < Uj. 


Using the result of Example 10.1, we see that ®(u, v) is 
600 
(9) @(u, v) = —u. 
T 
As in the discussion of Example 10.17, the solution in the z plane is 
600 
(10) o(, y) = oe Re(Arcsin z) 
J@t+ Pty - /@-1Pt | 


600 ; | 
= — Arcsin 
Tt 2 


Several equipotential curves are shown in Figure 10.37. 


o = -120 o = -60 o=0 o = 60 = 120 


 =-180 $ = 180 
= -240 = 240 
= -300 o = 300 


FIGURE 10.37 The electric field produced by two charged half planes that are 


perpendicular to the complex plane. 
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EXAMPLE 10.21 Find the electrical potential (x, y) in the disk D: |z| <1 
that satisfies the boundary values 


(11) (x, y) = 80 for zon Cy = {z= en 0< 9 <5 and 


ox, y)=90 = forzonC, = {z= e5<0< nh, 


Solution The mapping w = S(z) = [(1 — D(z — D(z — 1) is a one-to-one 
conformal mapping of D onto the upper half plane Im(w) > 0 with the property that 
C; is mapped onto the negative u axis and C2 is mapped onto the positive wu axis. 
The potential ®(u, v) in the upper half plane that satisfies the new boundary values 


(12) ®(u,0)= 80 foru<0O and ®u,0)=0 foru>0 


is given by 
80 80 

(13) =u, v) = — Arg w = — Arctan Lat 
Tt T u 


A straightforward calculation shows that 


oo («—- 12 + (y- D2 -1+ 10-2 - yy 
(14) ut+iv=SZ = pein eae ee mae,” 


The functions u and v in equation (14) can be substituted into equation (13) to obtain 


oad? at 


o@,y) = — > arctan Givi if oa 


The level curve ®(u, v) = @ in the upper half plane is a ray emanating from 
the origin, and the preimage o(x, y) = @ in the unit disk is an arc of a circle that 
passes through the points | and i. Several level curves are illustrated in Figure 10.38. 


FIGURE 10.38 The potentials @ and ® that are discussed in Example 10.21. 
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EXERCISES FOR SECTION 10.6 


1. Find the electrostatic potential o(x, y) between the two coaxial cylinders r = 1 and 
r = 2 that has the boundary values as shown in Figure 10.39. 


(x, y) = 100 when |z| = 1, 
(x, y) = 200 when |z| = 2. 


FIGURE 10.39 Accompanies Exercise 1. 


2. Find the electrostatic potential (x, y) in the upper half plane Im(z) > 0 that satisfies 
the boundary values as shown in Figure 10.40. 


o(%,0) = 100 forx > 1 
ocx, 0) = 0 for -1<x<1 
o(x, 0) = -100 forx< -1 


ail 1 
=-100 o=0 $= 100 
FIGURE 10.40 Accompanies Exercise 2. 
3. Find the electrostatic potential (x, y) in the crescent-shaped region that lies inside the 


disk |z — 2| <2 and outside the circle |z — 1| = 1 that satisfies the boundary values 
as shown in Figure 10.41. Hint: Use w = 1/z. 
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FIGURE 10.41 Accompanies Exercise 3. 


(x, y) = 100 for |z-2| = 2,240, 
oy) = 50 for |z-1| = 1,240. 


4. Find the electrostatic potential o(x, y) in the semi-infinite strip —n/2 < x < n/2,y > 0 


that has the boundary values as shown in Figure 10.42. 


(Fr) =0 for y > 0, 


(x, 0) = 50 for <x<F, 


(=) =100 fory>0. 


= 100 $=0 


-n/2 = 50 n/2 


FIGURE 10.42 Accompanies Exercise 4. 


5. Find the electrostatic potential (x, y) in the domain D in the half plane Re(z) > 0 that 
lies to the left of the hyperbola 2x? — 2y? = 1 and satisfies the boundary values as shown 
in Figure 10.43. Hint: Use w = Arcsin z. 


(0, y) = 50 for all y, 
o(x, y) = 100 when 2x? — 2y? = 
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$ =50 = 100 


x 


2x? - 2y? Ea | 


FIGURE 10.43 Accompanies Exercise 5. 


6. Find the electrostatic potential o(x, y) in the infinite strip 0 < x < 1/2 that satisfies the 
boundary values as shown in Figure 10.44. Hint: Use w = sin z. 
(0, y) = 100 for y > 0, 
(0) ey =0 for all y, 
(0, y) = -100 fory <0. 


FIGURE 10.44 Accompanies Exercise 6. 


7. (a) Show that the conformal mapping w = S(z) = (2z — 6)/(z + 3) maps the domain 
D that is the portion of the right half plane Re(z) > 0 that lies exterior to the circle 
|z — 5| = 4 onto the annulus 1 < |w| <2. 
(b) Find the electrostatic potential (x, y) in the domain D that satisfies the boundary 
values as shown in Figure 10.45. 


(0, y) = 100 forall y, (x, y) = 200 when |z — 5| = 4. 


= 100 


IADR an se Z . nm . - 
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8. (a) Show that the conformal mapping w = S(z) = (z — 10)/(2z — 5) maps the domain 
D that is the portion of the disk |z| <5 that lies outside the circle |z -— 2| = 2 
onto the annulus 1 < |w| < 2. 
(b) Find the electrostatic potential (x, y) in the domain D that satisfies the boundary 
values as shown in Figure 10.46. 


(x, y) = 100 when |[z| = 5, (x, y) = 200 when |z — 2| = 2. 


FIGURE 10.46 Accompanies Exercise 8. 


10.7 Two-Dimensional Fluid Flow 


Suppose that a fluid flows over the complex plane and that the velocity at the point 
z =x + iy is given by the velocity vector 


(1) VG, y) = p(x, y) + ig, y). 


We also require that the velocity does not depend on time and that the components 
p(x, y) and q(x, y) have continuous partial derivatives. The divergence of the vector 
field in equation (1) is given by 


(2) div V(x, y) = pxlxy y) + ay, y) 


and is a measure of the extent to which the velocity field diverges near the point. 
We will consider only fluid flows for which the divergence is zero. This is more 
precisely characterized by requiring that the net flow through any simply closed 
contour be identically zero. 

If we consider the flow out of the small rectangle in Figure 10.47, then the 
rate of outward flow equals the line integral of the exterior normal component of 
V(x, y) taken over the sides of the rectangle. The exterior normal component is 
given by —q on the bottom edge, p on the right edge, g on the top edge, and —p on 
the left edge. Integrating and setting the resulting net flow equal to zero yields 


yay 


(3) ——— [p& + Ax, t) — pQ, 1) at 


a I [q(t, y + Ay) — q(t, y)] dt = 0. 
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(xy + Ay) (v + Ax. + Ay) 


FIGURE 10.47 A two-dimensional vector field. 


Since p and q are continuously differentiable, the mean value theorem can be used 
to show that 


(4) pix + Ax, — pO, t) = psy, Ax and 

q(t, y + Ay) — q(t, y) = q(t, v2) Ay, 
where x <x, <x + Av and y < y2 < y + Ay. Substitution of the expressions in 
equation (4) into equation (3) and subsequently dividing through by Ax Ay results 
in 


] 


ytiAy 1 A+ AY 
5 4 | f dts | (t, v2) dt = 0. 
(5) Be (1, Ke y(t, ¥2) 


The mean value theorem for integrals can be used with equation (5) to show that 
(6) pro. v1) + gyQr. ¥2) = 0, 

where y < y; < y + Ay and x < 4). < x + Av. Letting Ax - 0 and Ay ~ 0 in 
equation (6) results in 

(7) pax y) + Qylx, y) = 0, 


which is called the equation of continuity. 
The curl of the vector field in equation (1) has magnitude 


(8) Jeurl Vix, »)| = andy) — py y) 


and is an indication of how the field swirls in the vicinity of a point. Imagine that 
a ‘‘fluid element’’ at the point (x, y) is suddenly frozen and then moves freely in 
the fluid. It can be shown that the fluid element will rotate with an angular velocity 
given by 


(9) q(x, ¥) — sp,(x. y) = +| curl V(x, y)]. 


We will consider only fluid flows for which the curl is zero. Such fluid flows 
are called irrotational. This is more precisely characterized by requiring that the 
line integral of the tangential component of V(x, y) along any simply closed contour 
be identically zero. If we consider the rectangle in Figure 10.47, then the tangential 
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component is given by p on the bottom edge, g on the right edge, —p on the top 
edge, and —q on the left edge. Integrating and setting the resulting circulation 
integral equal to zero yields the equation 


X+ AY 


(10) [ “Igoe + Ax) - gD) dr- ] [psy + Ay) — py) at = 0. 


As before, we apply the mean value theorem and divide through by Ax Avy and obtain 
the equation 


l ya ay ] wHAL 
(11) Ay i gx), ft) dt — xf ppt, y2) dt = 0. 
The mean value for integrals can be used with equation (11) to deduce the equation 
Gx), ¥1) — pr, V2) = 0. Letting Ax - 0 and Ay — 0 yields 
(12) q,(x, vy) — poy, y) = 0. 


Equations (7) and (12) show that the function f(z) = p(x, y) — ig(x, y) satisfies 
the Cauchy-Riemann equations and is an analytic function. Let F(z) denote the 
antiderivative of f(z). Then 


(13) F() = Ol y) + abG, y) 

is called the complex potential of the flow and has the property 
(14) F'@) = 006 ¥) — Aba, ») = ple y) + igh y) = Vr y). 
Since >, = p and o, = g, we also have 

(15) grad o(x, vy) = p(x, y) + iglx, y) = V(x. y), 

so (x, y) is the velocity potential for the flow, and the curves 
(16) (x, y) = Ky 


are Called equipotentials. The function (x, y) is called the stream function, and the 
curves 


(17) (x, y) = Kz 


are called streamlines and describe the paths of the fluid particles. To see this fact, 
we can implicitly differentiate W(x, y) = K2 and find that the slope of a vector tangent 
is given by 


dy _ —.@, y) 
ae ae TY Ta 


Using the fact that §, = 0, and equation (18), we find that the tangent vector to the 
curve is 


(19) T= $., y) — aby y) = pO y) + ig, y) = VO, y). 
The salient idea of the preceding discussion is the conclusion that if 


(20) F(z) = O(%, y) + abl, y) 
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is an analytic function, then the family of curves 


(21) {b(@, y) = Kp} 
represents the streamlines of a fluid flow. 

The boundary condition for an ideal fluid flow is that V should be parallel to 
the boundary curve containing the fluid (the fluid flows parallel to the walls of a 
containing vessel). This means that if equation (20) is the complex potential for the 
flow, then the boundary curve must be given by (x, y) = K for some constant K; 
that is, the boundary curve must be a streamline. 

Theorem 10.5 (Invariance of Flow) Ler 
(22) F\(w) = B(u, v) + Vu, v) 


denote the complex potential for a fluid flow in a domain G in the w plane 
where the velocity is 


(23) Vi(u, v) = Fi(w). 
If the function 
(24) w= S(z) = u(x, y) + iv, y) 


is a one-to-one conformal mapping from a domain D in the z plane onto G, 
then the composite function 


(25) Foz) = Fi(S(z)) = B(uG, y), vx, y)) + i¥(uG, y), vO, y)) 
is the complex potential for a fluid flow in D where the velocity is 
(26) V(x, y) = F(z). 


The situation is shown in Figure 10.48. 


WO, y)aK 


(a) Fluid flow in the z plane. (b) Fluid flow in the w plane. 


FIGURE 10.48 The image of a fluid flow under conformal mapping. 
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Proof From equation (13) we see that F,(w) is an analytic function. Since 
the composition in equation (25) is an analytic function, F(z) is the complex po- 
tential for an ideal fluid flow in D. 


We note that the functions 
(27) ox, y) = ®(uQ, y), v@, y)) and w(x, vy) = Puts, y), vO, y)) 


are the new velocity potential and stream function, respectively, for the flow in D. 
A streamline or natural boundary curve 


(28) UWa,y) = K 
in the z plane is mapped onto a streamline or natura] boundary curve 
(29) Wu, v) = K 


in the w plane by the transformation w = S(z). One method for finding a flow inside 
a domain D in the z plane is to conformally map D onto a domain G in the w plane 
in which the flow is known. 

For an ideal fluid with uniform density p the fluid pressure P(x, y) and speed 
| Vix, y)| are related by the following special case of Bernoulli’ s equation: 


P(x, y) 


] 
(30) ae | V(x, y)| = constant. 


It is of importance to notice that the pressure is greatest when the speed is least. 


EXAMPLE 10.22 The complex potential F(z) = (a + ib)z has the velocity 
potential and stream function given by 


(31) (x, y) = ax — by and (x, y) = bx + ay, 


respectively, and gives rise to the fluid flow defined in the entire complex plane that 
has a uniform parallel velocity given by 


(32) Vix, y) = F'(2 =a — ib. 


The streamlines are parallel lines given by the equation bx + ay = constant and are 
inclined at an angle © = —arctan(b/a) as indicated in Figure 10.49. 


¥ 


™A 
= po 


= 


FIGURE 10.49 A uniform parallel flow. 
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EXAMPLE 10.23 Consider the complex potential F(z) = (A/2)z2, where A is 
a positive real number. The velocity potential and stream function are given by 


A 
(33) @, y) = 5G? — v4) and (x, y) = Ary, 
respectively. The streamlines (x, y) = constant form a family of hyperbolas with 
asymptotes along the coordinate axes. The velocity vector V = AZ indicates that in 
the upper half plane Im(z) > 0 the fluid flows down along the streamlines and 


spreads out along the x axis. This depicts the flow against a wall and is illustrated 
in Figure 10.50. 


Oe 


FIGURE 10.50 The fluid flow with complex potential F(z) = (A/2)z?. 


EXAMPLE 10.24 Find the complex potential for an ideal fluid flowing from 
left to right across the complex plane and around the unit circle [z| = 1. 


Solution We will use the fact that the conformal mapping 
1 
(34) SEE wt 


maps the domain D = {z: |z| < 1} one-to-one and onto the w plane slit along the 
segment —2 < u S 2, v = 0. The complex potential for a uniform horizontal flow 
parallel to this slit in the w plane is 


(35) Fi(w) = Aw, 


where A is a positive real number. The stream function for the flow in the w plane 
is W(u, v) = Av so that the slit lies along the streamline V(u, v) = 0. 

The composite function F>(z) = F\(S(z)) will determine a fluid flow in the 
domain D where the complex potential is 


1 
(36) F(z) = a(: + 1) where A > 0. 
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Polar coordinates can be used to express F(z) by the equation 
1 1 
(37) F(z) = alr + 1) cos 8 + al — 1) sin 0. 


The streamline W(r, 8) = A(r — I/r) sin 8 = 0 consists of the rays 
(38) r>1,8=0 and r>1,0=7 


along the x axis and the curve r — I/r = 0, which is easily seen to be the unit circle 
r = 1. This shows that the unit circle can be considered as a boundary curve for the 
fluid flow. 

Since the approximation F>(z) = A(z + 1/z) = Az is valid for large values of 
z, we see that the flow is approximated by a uniform horizontal flow with speed 
| V| =A at points that are distant from the origin. The streamlines (x, y) = constant 
and their images V(u, v) = constant under the mapping w = S(z) = z + I/z are 
illustrated in Figure 10.51. 


FIGURE 10.51 Fluid flow around a circle. 


EXAMPLE 10.25 Find the complex potential for an ideal fluid flowing from 
left to right across the complex plane and around the segment from —i to i. 


Solution We will use the conformal mapping 
39) w= SQ= 2+ I? =¢+ i)" -)”, 


where the branch of the square root of Z = z +i in each factor is Z!/? = R!/2e'9/?, 
where R = |Z|. and 8 = arg Z, where —7/2 < arg Z S 3n/2. The function given 
by w = S(z) is a one-to-one conformal mapping of the domain D consisting of the 
z plane slit along the segment x = 0, -1 < y Ss 1 onto the domain G consisting of 
the w plane slit along the segment -1 sus 1,v=0. 
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The complex potential for a uniform horizontal flow parallel to the slit in the 
w plane is given by F\(w) = Aw, where A is a positive real number and where the 
slit lies along the streamline V(u, v) = Au = 0. The composite function 


(40) F2(z) = Fy(S(z)) = AC? + 1)'7 


is the complex potential for a fluid flow in the domain D. The streamlines given by 
(x, vy) = cA for the flow in D are obtained by finding the preimage of the streamline 
Wu, v) = cA in G given by the parametric equations 


(41) vec u=t for-2w<t<o, 

The corresponding streamline in D is found by solving the equation 
(42) ttic=(2e2+ 1)” 

for x and y in terms of t. Squaring both sides of equation (42) yields 
(43) Pf -— ct - 14 Ret =x -— ve + i2xy. 

Equating the real and imaginary parts leads to the system of equations 
(44) #2-y=F-ce?-1 and xw=ct. 


Eliminating the parameter ¢ in equations (44) results in c? = (x7 + ¢*)(y? — c?), and 
we can solve for y in terms of x to obtain 


pl ee oe 
Aes pe 
eee c+ x 


for streamlines in D. For large values of x this streamline approaches the asymptote 
y = c and approximates a horizontal flow, as shown in Figure 10.52. 


2, SS 
WY 


FIGURE 10.52 Flow around a segment. 
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EXERCISES FOR SECTION 10.7 


1. Consider the ideal fluid flow where the complex potential is F(z) = A(z + 1/z), where 
A is a positive real number. 

(a) Show that the velocity vector at the point (1, 8), z = re'® on the unit circle is given 
by V(1, 6) = A(1 — cos 20 — i sin 28). 

(b) Show that the velocity vector V(1, 8) is tangent to the unit circle |z| = 1 at all 
points except —1 and +1. Hint: Show that V - P = 0, where P = cos 6 + isin 0. 

(c) Show that the speed at the point (1, 6) on the unit circle is given by |V| = 
2A | sin 6| and that the speed attains the maximum of 2A at the points +i and is zero 
at the points +1. Where is the pressure the greatest? 

2. Show that the complex potential F(z) = ze-'* + e'%/z determines the ideal fluid flow 
around the unit circle |z| = 1] where the velocity at points distant from the origin is 
given approximately by V = e’*; that is, the direction of the flow for large values of z is 
inclined at an angle © with the x axis, as shown in Figure 10.53. 


& 


FIGURE 10.53 Accompanies Exercise 2. 


3. Consider the ideal fluid flow in the channel bounded by the hyperbolas xy = 1 and 
xy = 4 in the first quadrant, where the complex potential is given by F(z) = (A/2)z? and 
A is a positive real number. 
(a) Find the speed at each point, and find the point on the boundary where the speed 

attains a minimum value. 

(b) Where is the pressure greatest? 

4. Show that the stream function is given by W(r, 8) = Ar* sin 36 for an ideal fluid flow 
around the angular region 0 < 6 < 7/3 indicated in Figure 10.54. Sketch several stream- 
lines of the flow. Hint: Use the conformal mapping w = z?. 
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FIGURE 10.54 Accompanies Exercise 4. 


5. Consider the ideal fluid flow, where the complex potential is 


30 30 
F(z) = A23? = Arn(cos me + isin *), where 0 S 6 < 27. 
(a) Find the stream function w(r, 9). 
(b) Sketch several streamlines of the flow in the angular region 0 < 0 < 4n/3 as indi- 
cated in Figure 10.55. 


Ss 


FIGURE 10.55 Accompanies Exercise 5. 


6. (a) Let A > 0. Show that the potential F(z) = A(z? + 1/z?) determines an ideal fluid 
flow around the domain r > 1, 0 < 8 < n/2 indicated in Figure 10.56, which shows 
the flow around a circle in the first quadrant. Hint: Use the conformal mapping 
w = 2, 

(b) Show that the speed at the point (1, 0), z = re on the quarter circle r = 1, 
0 < @ < n/2 is given by V = 4A|sin 20|. 
(c) Determine the stream function for the flow and sketch several streamlines. 
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FIGURE 10.56 Accompanies Exercise 6. 


7. Show that F(z) = sin z is the complex potential for the ideal fluid flow inside the semi- 
infinite strip —m/2 <x < n/2, y > 0, as indicated in Figure 10.57. Find the stream 
function. 


—m/2 m/2 


FIGURE 10.57 Accompanies Exercise 7. 


8. Let w = S(z) = 4[z + (z? — 4)!/] denote the branch of the inverse of z = w + 1/w that 
is a one-to-one mapping of the z plane slit along the segment —2 < x < 2, y = 0 onto 
the domain | w | > 1. Use the complex potential F2(w) = we-'= + (e'*/w) in the w plane 
to show that the complex potential F\(z) = z cos @ — i(z* — 4)! sin @ determines the 
ideal fluid flow around the segment —2 < x < 2, y = 0, where the velocity at points 
distant from the origin is given approximately by V = e’*, as shown in Figure 10.58. 

9. (a) Show that the complex potential F(z) = —i Arcsin z determines the ideal fluid flow 

through the aperture from —1 to +1, as indicated in Figure 10.59. 
(b) Show that the streamline W(x, y) = c for the flow is a portion of the hyperbola 
(x7/sin’c) — (y2/cos?c) = 1. 
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7 


FIGURE 10.58 Accompanies Exercise 8. 


A 


FIGURE 10.59 Accompanies Exercise 9. 


10. Write a report on fluid flow and how it is related to harmonic and analytic functions. 
Include some ideas not mentioned in the text. Resources include bibliographical items 
37, 46, 91, 98, 124, 141, 145, 158, and 166. 


10.8 The Joukowski Airfoil 


l 
The function J(z) = z + — was studied by the Russian scientist N. E. Joukowski. It 


“a 


will be shown that the image of a circle passing through z; = 1 and containing the 
point z2 = —1 is mapped onto a curve that is shaped like the cross section of an 
airplane wing. We call this curve the Joukowski airfoil. If the streamlines for a flow 
around the circle are known, then their images under the mapping w = J(z) will be 
streamlines for a flow around the Joukowski airfoil, as shown in Figure 10.60. 
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y 
w = Jfz) 


FIGURE 10.60 Image of a fluid flow under w = J(z} = z + I/z. 


1 
The mapping w = J(z) is two-to-one, because J(z) = i(2), for z # 0. The 


region |z| > 1 is mapped one-to-one onto the w plane slit along the portion of the 
real axis —2 s uw < 2. In order to visualize this mapping, we investigate the implicit 
form, which is obtained by using the substitutions 
1 2-2z+1 (1 
wodec-2ereS ett Guy and 


ia wi? Aaa OR Cs a 
(horde Sciephetlh eal y 


oe 
a a < 


Forming the quotient of these two quantities results in the relationship 
w—2 z— | 

1 

(1) w+ 2 -(: + +). 


The inverse of T(w) = 


2 £22z 


-2 
is $3(z) = . If we use the notation 


+2 . lz 
zal 5 es 
Si(z) = ri and S$2(z) = z*, then J(z) can be expressed as the composition of S), 
z 
S2, and $3: 


(2) w= J(z) = $3(82(51(z))). 


1 ; 
It is an easy calculation to show that w = J(z) = z + — maps the four points 


zZ) = —t,z2. = 1,73 = i, and z, = —1 onto w, = 0, w2 = 2, w3 = 0, and ws = —2, 
respectively. However, the composition functions in equation (2) must be consid- 
ered in order to visualize the geometry involved. First, the bilinear transformation 
Z = S\(z) maps the region {z| > | onto the right half plane Re(Z) > 0, and the 
points z) = —i, 22 = 1, z3 = i, and zy = —1 are mapped onto Z, = —i, Z; = 0, 
Z; = i, and Z, = ico, respectively. Second, the function W = S2(Z) maps the right 
half plane onto the W plane slit along its negative real axis, and the points Z; = —i, 
Z, = 0, Z; = i, and Zs; = ico are mapped onto W,; = —1, W2 = 0, W3 = —1, and 
W, = —o9, respectively. Then the bilinear transformation w = $,(W) maps the latter 
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region onto the w plane slit along the portion of the real axis —2 < u S 2, and the 
points W; = —1, W) = 0, W; = —1, and W, = —co are mapped onto w; = 0, 
w2 = 2, w3 = 0, and w4 = —2, respectively. These three compositions are shown 
in Figure 10.61. 


w = J(z) ¥ 


Z=S(z) , oi 
| W=5(2) ‘3 fa sym 


FIGURE 10.61 The composition mappings for J(z) = $3(S2(S)(z))). 


The circle Co with center co = ia on the imaginary axis passes through the 
points z2 = | and zy = —1 and has radius rg = \/1 + a?. If we restrict 0 < a < 1, 


ae : ; : ‘ Tt 
then this circle intersects the x axis at the point z with angle & = ie arctan a, 


qT T 
with Fi <Q < 3° We want to track the image of Cp in the Z, W, and w planes. 


First, the image of this circle Cp under Z = S(z) is the line Lo that passes through 
the origin and is inclined at the angle &. Second, the function W = $(Z) maps the 
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line Lo onto the ray Ro inclined at the angle 2a). Finally the transformation given 
by w = S3(W) maps the ray Ry onto the arc of the circle Ay that passes through the 
points w. = 2 and wy, = —2 and intersects the x axis at w2 with angle 20), where 


1 oye : : 
= < 20) < 1. The restriction on the angle O, and hence 2, is necessary in order 


for the arc Ay to have a low profile. The arc Ag lies in the center of the Joukowski 
airfoil and is shown in Figure 10.62. 


FIGURE 10.62 The images of the circles Cy and C, under the composition 
mappings for J(z) = S3(S2(S,(z))). 


Let 6 be fixed, 0 < 6 < 1, then the larger circle C, with center given by 
c) = ~hA + i(l + A)b on the imaginary axis will pass through the points z. = | and 
zy = —1 — 2h and have radius r; = (1 + A)/1 + &°. The circle C, also intersects 
the x axis at the point z2 at the angle Gp, The image of this circle C, under Z = S,(z) 
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is the circle K, that is tangent to Ly at the origin. The function W = S2(Z) maps the 
circle K, onto the cardioid Hy. Finally, w = 5;(W) maps the cardioid H, onto the 
Joukowski airfoil A, that passes through the point w; = 2 and surrounds the point 
wy = —2, as shown in Figure 10.62. We remark that as an observer traverses C) in 
the counterclockwise direction, the image curves K, and H, will be traversed in a 
clockwise direction, but A, is traversed in the counterclockwise direction. This keeps 
the points zy, Zs, Wa, and w, always to the observer's left. 

Now we are ready to visualize the flow around the Joukowski airfoil. We start 
with the fluid flow around a circle that is shown in Figure 10.51. This flow is adjusted 
with a linear transformation z* = az + 6 so that it flows horizontally around the 
circle C;, as shown in Figure 10.63. Then the mapping w = J(z*) creates a flow 
around the Joukowski airfoil, as Figure 10.64 illustrates. 


Flow around the circle. 
3 ae , 


FIGURE 10.63 The horizontal flow around the circle C;. 


Flow around the airfoil. 


FIGURE 10.64 The horizontal flow around the Joukowski airfoil Ay. 


Flow with Circulation 


RY k 
The function F(z) = sz + - + Oni log <, where s > 0 and & is real, is the complex 
z i 


a 


potential for a uniform horizontal flow past the unit circle = 1, with circulation 


Z 
“ 
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strength & and velocity at infinity V. = s. For illustration purposes, we let s = | 


and use the substitution a = as Now the complex potential has the form 


] 
(3) F(z) =z+-~ + ai log z, 


and the corresponding velocity function is 
(4) Vixnwy) = F(z) = 1 — (2)? — az)". 


The complex potential can be expressed in F = 6 + iw form: 


; 1. 
(5) F(z) = re + -e® + ia(Inr + i6) 
ry 


! 1 
(- + 1) cos 8 — a8 + { (+ - sin 6+ aln | 5 
r r 


The streamlines for the flow are given by W = c, where c is a constant: 


(I 


d 
(6) wWircos 8, r sin 6) = (- a sin 6+ alnr=c (streamlines). 
r 


Setting r = | in equation (6) we get d(cos 6, sin 8) = 0, so that the unit circle is a 
natural boundary curve for the flow. 

Points where the flow has zero velocity are called stagnation points, They are 
found by solving F’(z) = 0, for the function in equation (3) this is 


1-=+-=0. 


fa bm 


Multiplying through by z? and rearranging terms, this becomes 
2+aiz-—1=0. 
Now the quadratic equation is invoked to obtain 


ee: 
2 


stagnation point(s). 


a 


If 0 < |a| < 2, there are two stagnation points on the unit circle |z| = 1. If 
a = 2, there is one stagnation point on the unit circle. If |a| > 2, the stagnation 
point lies outside the unit circle. We are mostly interested in the case with two 
stagnation points. When a = 0, the two stagnation points are z = +1, and this is the 
flow that was discussed in Example 10.25. The cases a = 1, a = \/3, a = 2, and 
a = 2.2 are shown in Figure 10.65. 
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x 


Flow with circulation a = | 


x 


ry 
e 


Flow with circulation a = 2 Flow with circulation a = 2.2 


FIGURE 10.65 Flows past the unit circle with circulation a. 


We are now ready to combine the preceding ideas. For illustration purposes, 


consider a C, circle with center co = —0.15 + 0.23i that passes through the points 
z2 = | and zy = —J.3 and has radius ry = 0.23 \/13/2. The flow with circulation 
k = —0.52p (or a = 0.26) around |z| = 1 is mapped by the linear transformation 


Z = S(z) = —0.15 + 0.237 + ryz onto the flow around the circle C) shown in Figure 
10.66. 
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Flow with circulation. 


FIGURE 10.66 = Flow with circulation around C). 


l 
Then the mapping w = J(Z) = Z + 7 is used to map this flow around the Joukowski 


airfoil shown in Figure 10.67. This is to be compared with the flows shown in 
Figures 10.63 and 10.64. If the second transformation in the composition given by 
w = J(z) = $3(52(5)(<))) is modified to be $2(z) = z'°?5. then the image of the flow 
in Figure 10.66 will be the flow around the modified airfoil in Figure 10.68. The 
advantage of this latter airfoil is that the sides of its tailing edge form an angle of 
0.15% radians or 27°, which is more realistic than the angle of 0° of the traditional 
Joukowski airfoil. 


Flow with circulation around 
a traditional airfoil. 


FIGURE 10.67 Flow with circulation around a traditional Joukowski airfoil. 


Flow with circulation around 
a modified airfoil. 


FIGURE 10.68 Flow with circulation around a modified Joukowski airfoil. 
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EXERCISES FOR SECTION 10.8 


1. 
2. 


Show that the inverse of the Joukowski transformation is z = w + (w? — 1)'”. 
Consider the Joukowski transformation is w = z + 1/z. 
(a) Show that the circle C, = {|z| = r: r > 1} is mapped onto the ellipse 


4? 4yv 
—*_4,——""__ =} 
(r+ ry tr — Vr)? 


(b) Show that the ray r > 0, 8 = @ is mapped onto a branch of the hyperbola 


uv y- 
ag ar 
cos? a = sin? & 


Let Cy be a circle that passes through the points ] and —1 and has center cp = fa. 
(a) Find the equation of the circle Cy. 


(b) Show that the image of the circle Cy under w = Z 


Zz 
“& 


1 is a line Ly that passes 
through the origin. 


T 
(c) Show that the line Ly is inclined at the angle a = 5 7 arctan a. 


Show that a line through the origin mapped onto a ray by the mapping w = z’. 
Let Ry be a ray through the origin inclined at an angle Bo. 


2+ 2z 
(a) Show that the image of the ray Ry under w = ~ is an are Ao of a circle that 
= 


passes through 2 and —2. 
(b) Show that the arc Ao is inclined at the angle Bo. 
Show that a circle passing through the origin is mapped onto a cardioid by w = 2’. 
Show that the cusp in the cardioid forms an angle of 0°. 
2+ 2z 


“ 


Let H, be a cardioid whose cusp is at the origin. The image of H, under w = 


will be a Joukowski airfoil. Show that trailing edge forms an angle of 0°. 

Consider the modified Joukowski airfoil when W = $2(Z) = Z'9*5 is used to map the Z 
plane onto the W plane. Use Figure 10.69 and discuss why the angle of the trailing edge 
of this modified Joukowski airfoil A; forms an angle of 0.157 radians. Hint: The image 
of the circle Cy is the line Lo, then two rays Ry, and Rp.> and then two arcs Ag,; and Ao.2 
in the respective Z, W, and w planes. The image of the circle C, is the circle Kj, then 
the ‘‘cardioid like’’ curve H,, then the modified Joukowski airfoil A,. 
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20 40 60 80 100 


FIGURE 10.69 The images of the circles Cy and C, under the modified 
Joukowski transformation J(z) = $3(S2(S\(z))). 


9. Write a report on Joukowski transformation. Include ideas and examples that are not 
mentioned in the text. Resources include bibliographical items 37, 46, 91, 98, 124, 141, 
145, 158, and 166. 


10.9 The Schwarz-Christoffel Transformation 


To proceed further, we must review the rotational effect of a conformal mapping 
w = f(z) at a point Zo. If the contour C has the parameterization z(f) = x(f) + iy(d), 
then a vector 7 tangent to C at the point Zp is 


(1) t= z'(ty) = x'(to) + iv’ (fo). 
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The image of Cis a contour K given by w = u(x(Z), y(t) + iv(x(), Y(t). and a vector 
T tangent to K at the point wo = f(<o) is 


(2) T= w'(zo) = f'(0)z’ (to). 


If the angle of inclination of t is B = arg z'(to). then the angle of inclination of T 
is 
(3) arg T = arg f’(zo)z'(to) = arg fo) + B. 
Hence the angle of inclination of the tangent T to C at zp is rotated through the angle 
arg [ f’(zy)] to obtain the angle of inclination of the tangent T to K at the point w. 
Many applications involving conforma] mappings require the construction of 
a One-to-one conformal mapping from the upper half plane Im(z) > 0 onto a domain 
G in the w plane where the boundary consists of straight line segments. Let us con- 
sider the case where G is the interior of a polygon P with vertices w), wo, ..., Wy 
specified in the positive (counterclockwise) sense. We want to find a function 
w = f(z) with the property 


(4) w,e= f(x) for k= 1,2, ...,a— 1 and 
Wr = f(), where x) < X2 Sos Xn | < 00, 


Two German mathematicians Herman Amandus Schwarz (1843-192]) and Elwin 
Bruno Christoffel (1829-1900) independently discovered a method for finding f. 
and that is our next theorem. 


Theorem 10.6 (Schwarz-Christoffel) Let P be a polygon in the w plane 
with vertices w,, W2,. . ., Ww, and exterior angles OQ, where —™% < O; < 7%, 
as shown in Figure 10.70. There exists a one-to-one conformal mapping 
w = f(<c) from the upper half plane |m(z) > 0 onto G that satisfies the boundary 
conditions (4). The derivative f'(z) is 


Ol: FEY AS eae Sag er ere Ye 


and the function f can be expressed as an indefinite integral 


(6) f@=Bt+A Joc ee? ia Meer) ia alae en Daa 


where A and B are suitably chosen constants. Two of the points {x,} may be 
chosen arbitrarily, and the constants A and B determine the size and position 


of P. 


Proof The proof relies on finding how much the tangent 
(7) = 14 05 


(which always points to the right) at the point (x, 0) must be rotated by the mapping 
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w = f(z) so that the line segment x;_; < x < x; is mapped onto the edge of P that 
lies between the points w;_; = f(x;-1) and w; = f(x;). Since the amount of rotation 
is determined by arg f’(x), formula (5) specifies f’(z) in terms of the values x; and 
the amount of rotation @, that is required at the vertex f(x;). 

If we let x9 = —co and x, = o, then, for values of x that lie in the interval 
Xj-1 <x <x, the amount of rotation is 


1 
(8) arg f’(x) = arg A — wm arg(x — x)) + 2 arg(x — x2) 


+--+ + O,_; arg(x — X)_1)]. 


Since Arg(x — x,) = 0 for 1 sk <j and Arg(x — x,) =n forjsk<sn-1, 
we can write equation (8) as 


(9) arg f’(x) = arg A — Oj — O41 — +++ — Ont. 


The angle of inclination of the tangent vector T; to the polygon P at the point 
w = f(x) for x) <x < x; is 


(10) y = Arg A — Oj — 1 ated ag aac 0 0 

The angle of inclination of the tangent vector T;,.; to the polygon P at the point 
Ww = f(x) for x; <x < X41 is 

(11) Yai = Arg A — Oji1 — Ojs2 — °° — On. 


The angle of inclination of the vector tangent to the polygon P jumps abruptly by 
ey 

the amount ©, as the point w = f(x) moves along the side w;_,w; through the vertex 

w; to the side w,w;,1. Therefore the exterior angle to the polygon P at the vertex w; 


is given by the angle q, and satisfies the inequality -t7<a,;<nforj=1,2,..., 
n — 1. Since the sum of the exterior angles of a polygon equals 2m, we have 
QO, = 2% — @, — G2. — +--+ — A,_1 So that only n — 1 angles need to be specified. 


This case with n = 5 is indicated in Figure 10.70. 


FIGURE 10.70 A Schwarz-Christoffel mapping with 
n= S5andq, POF se F oe > 1. 
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If the case @, + G2 +---+ Q,_; S 7% occurs, then a, > 7, and the vertices 
W1, W2,. - -, W, cannot form a closed polygon. For this case, formulas (5) and (6) 
will determine a mapping from the upper half plane Im(z) > 0 onto an infinite region 
in the w plane where the vertex w, is at infinity. The case n = 5 is illustrated in 
Figure 10.71. 


FIGURE 10.71 A Schwarz-Christoffel mapping with n = 5 and 
QO +O.+---+O,87. 


Formula (6) gives a representation for fin terms of an indefinite integral. It is 
important to note that these integrals do not represent elementary functions unless 
the image is an infinite region. Also, the integral will involve a multivalued function, 
and a specific branch must be selected to fit the boundary values specified in the 
problem. Table 10.2 is useful for our purposes. 


TABLE 10.2 Indefinite Integrals 


eee a: 
J Spaz iatsine = toste + & 1)!2) 5 


| de = arctan ae a 
2+! ee ee 


i a Sreatn = ilo |: + (3 1)"| 
Se Ae S24 & eo 
ger 1h? z Bl 2 


dz  ecare ba cal alg 
ee 12) — ao NOTE 
Jz + pe 2 arctanh[(z + 1)!7] oa +t Db? 


1 
(l- 2)!2dz= 3a! — 2)? + arcsin z] 


Te las alia cas 46 a cal ad 


= 
2 
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EXAMPLE 10.26 Use the Schwarz-Christoffel formula to verify that the func- 
tion w = f(z) = Arcsin z maps the upper half plane Im(z) > 0 onto the semi-infinite 
strip —7/2 <u < 1/2, vy > 0 shown in Figure 10.72. 


a= n/2 
w =—n/2 T, 
! wo=n/2 2 


T o = 1/2 
1 


FIGURE 10.72 The region in Example 10.26. 


Solution If we choose x; = —1, x. = 1, w; = —7/2, and w2 = 1/2, 
then a, = 7/2 and a) =n/2, and equation (5) for f’(z) becomes 
A 


(12) f'(2) = A(z + 1)- "ez — 1)- Oe = (2 — 1)!2" 


Using Table 10.2 we see that the solution to equation (12) is 
(13) f(z) = Ai Arcsin z + B. 


Using the image values f(—1) = —1/2 and f(1) = 1/2, we obtain the system 


—T —it T itv 
14) —=A—+.B d -~=A—+B, 
ES 2 ees aaa 
which can be solved to obtain B = 0 and A = —i. Hence the required function is 


(15) f(z = Arcsin z. 


EXAMPLE 10.27 Verify that w = f(z) = (2 — 1)!? maps the upper half 
plane Im(z) > 0 onto the upper half plane Im(w) > 0 slit along the segment from 0 
to i. 


Solution If we choose x, = —1, x = 0, x3; = 1, w; = —d, w2 = i, and 
w3 = d, then we see that the formula 
(16) 2a) = AG + Ty AQ) = Le 


will determine a mapping w = g(z) from the upper half plane Im(z) > 0 onto the 
portion of the upper half plane Im(w) > 0 that lies outside the triangle with ver- 
tices td, i as indicated in Figure 10.73(a). If we let d > 0, then w; > 0, w3 > 0, 
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a, © 1/2, & - —7n, and a3; —> 7/2. The limiting formula for the derivative in 
equation (16) becomes 


OD: £G= Agra ae 1, 


which will determine a mapping w = f(z) from the upper half plane Im(z) > 0 onto 
the upper half plane Im(w) > 0 slit from 0 to 7 as indicated in Figure 10.73(b). An 
easy computation reveals that f(z) is given by 


Zaz 
(18) FR =A een = A(z2 = 1)12 + B, 


and the boundary values f(+1) = 0 and f(0) = i lead to the solution 
a5), fO= = )™. 


FIGURE 10.73 The regions in Example 10.27. 


EXAMPLE 10.28 Show that the function 


1 ; i Pele eb 
(20) w = f(z) = — Arcsin z + — Arcsin — + —— 
T Tt Zz 2 


maps the upper half plane Im(z) > 0 onto the right angle channel in the first quadrant, 

which is bounded by the coordinate axes and the rays x 2 1, y = 1 and 

y = 1,x = | in Figure 10.74(b). 
Y 


v 


FIGURE 10.74 The regions in Example 10.28. 
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Solution If we choose x; = —1, x. = 0, x3 = 1, w, = 0, w2 = d, and 
w3 = 1 + i, then the formula 


(21) Biz) Ar@ st Tyr ernZ) ne — Ly“ 


will determine a mapping of the upper half plane onto the domain indicated in Figure 
10.74(a). 

If we let d > , then @) > m and a; - —7/2. Then the limiting formula for 
the derivative in equation (21) becomes 


2) PE A ra a = Teas 
Lae Pei oy ee 
Meat De “'ag—yie “a — 2)" 


where A = —iA,, which will determine a mapping w = f(z) from the upper half 
plane onto the channel as indicated in Figure 10.74(b). Using Table 10.2, we obtain 


dz dz 
(23) so=4) | —“S5-' Joa] 


=A 


; : Sl 
arcsin z + 7 arcsin | + B. 
a 


If the principal branch of the inverse sine function is used, then the boundary values 
f(-1) = 0 and f(1) = 1 + i lead to the system 


a TE 16 T T 
—+if{—])|+B= =+if-)]/+B=14+i 
4) 5 ( , )| B=0, 4 (§)| B 1, 


which can be solved to obtain A = 1/n and B = (1 + i)/2. Hence the required 
solution is 


Lote 


l 1 
(24) w= f(z) = — Arcsin z + te Arcsin ~ + 
Tt Tl 4 


EXERCISES FOR SECTION 10.9 


1. Let a and K be real constants with 0 < K < 2. Use the Schwarz-Christoffel formula to 
show that the function w = f(z) = (z — a)* maps the upper half plane Im(z) > 0 onto 
the sector 0 < arg w < Km, shown in Figure 10.75. 


Kn 


»=0 
“i u 


FIGURE 10.75 Accompanies Exercise 1. 
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2. Leta be a real constant. Use the Schwarz-Christoffel formula to show that the function 
w = f(z) = Log(z — a) maps the upper half plane Im(z) > 0 onto the infinite strip 
0 <v <q in Figure 10.76. Hint: Set x} = a — 1, x. = a, w) = it, w2 = —d, and let 
do, 


FIGURE 10.76 Accompanies Exercise 2. 


3. Use the Schwarz-Christoffel formula to show that the function 
1 
w=fZ@= n(G — 124+ Log[z + (2 - 1) =e 


maps the upper half plane onto the domain indicated in Figure 10.77. Hint: Set 
x, = —1,x. = 1, w, = 0, and w2 = i. 


FIGURE 10.77 Accompanies Exercise 3. 


4. Use the Schwarz-Christoffel formula to show that the function 
pA ers i $F) 
w = f(z) ==] (2 — 1)'? + Arcsin ~ 
Tq z 


maps the upper half plane onto the domain indicated in Figure 10.78. Hint: Set x; = 
w,; = -1, x. = 0,x3 = w3 = 1, and w2 = —id and let d 3 ~. 


FIGURE 10.78 Accompanies Exercise 4. 
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5. Use the Schwarz-Christoffel formula to show that the function 
w = f(z) = x log(z? — 1) = Log[(z? — 1)'?] 


maps the upper half plane Im(z) > 0 onto the infinite strip 0 < v < 7 slit along the ray 
u <0, v = 7/2, see Figure 10.79. Hint: Set x, = —1, x. = 0, x3 = 1, w) = in — d, 
w2 = in/2, and w3; = —d and letd 9 ~. 


v 
w, =-d+int 


FIGURE 10.79 Accompanies Exercise 5. 


6. Use the Schwarz-Christoffel formula to show that the function 
-2 2\1/2 . 
w=f2@= go 20 — 2*)'2 + Arcsin z] 


maps the upper half plane onto the domain indicated in Figure 10.80. Hint: Set 
x)= -lLwe=1,w, =1,andw,= -1. 


FIGURE 10.80 Accompanies Exercise 6. 


7. Use the Schwarz-Christoffel formula to show that the function w = f(z) = z + Log z 
maps the upper half plane Im(z) > 0 onto the upper half plane Im(w) > 0 slit along the 
ray u < —1, v = 7, shown in Figure 10.81. Hint: Set x) = —1,x. =0,w, = —1 + in, 
and w, = —d and let d > ~, 


wa -lt+in 


FIGURE 10.81 Accompanies Exercise 7. 
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8. Use the Schwarz-Christoffel formula to show that the function 


aa + 1/2 
i SS |en 


Wa SOB 1s Log +(¢+ 1)? 


maps the upper half plane onto the domain indicated in Figure 10.82. Hint: Set 
x, = —1, x. = 0, w; = in, and w2 = —d and let d > ~», 


FIGURE 10.82 Accompanies Exercise 8. 


9. Show that the function w = f(z) = (z — 1)*[1 + az/(1 — @)]'-* maps the upper half 
plane Im(z) > 0 onto the upper half plane Im(w) > 0 slit along the segment from 0 to 
en, as shown in Figure 10.83. Hint: Show that f’(z) = A[z + (1 — a)/a]~*(z)(z — 1)*7!. 


ion 


FIGURE 10.83 Accompanies Exercise 9. 


10. Use the Schwarz-Christoffel formula to show that the function 


a tats PV Sa tet ee 
Se eee le yaa pies aac 


maps the upper half plane onto the domain indicated in Figure 10.84. Hint: Set 
Zz = —1, 2 = 0, w, = in, and w, = —d and let d > ©, Use the change of variable 
z+ 1 = s4 in the resulting integral. 


W=—d 


FIGURE 10.84 Accompanies Exercise 10. 
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11. Use the Schwarz-Christoffel formula to show that the function 
w=f@ => 2G - 3) 


maps the upper half plane onto the domain indicated in Figure 10.85. Hint: Set x; = 0, 
x2 = 1, w, = —d, and w2 = iand letd > 0. 


FIGURE 10.85 Accompanies Exercise 11. 


12. Show that the function 


d 
ee 


1- zp 


maps the upper half plane Im(z) > 0 onto a right triangle with angles 1/2, 1/4, 
and 1/4. 
13. Show that the function 


dz 
ad — Lys 


w=fe={ 


maps the upper half plane onto an equilateral triangle. 
14. Show that the function 


dz 
(z ae Ze)? 


eel 


maps the upper half plane onto a square. 
15. Use the Schwarz-Christoffel formula to show that the function 


os + 1 1/2 
WH={O-2 bly = Loe] 


maps the upper half plane Im(z) > 0 onto the domain indicated in Figure 10.86. Hint: 
Set x) = —1, x2 = 0, x3 = 1, w = 0, w2 = d, and w3 = 2,/2 — 2 In(/2 — 1) + im and 
let d > o. 
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* = 0 wad 


FIGURE 10.86 Accompanies Exercise 15. 


16. Write a report on the Schwarz-Christoffel transformation. Include ideas and examples 
not mentioned in the text. Resources include bibliographical items 93, 159, and 164. 


10.10 Image of a Fluid Flow 


We have already examined several two-dimensional fluid flows and have discovered 
that the image of a flow under a conformal transformation is a flow. The conformal 
mapping w = f(z) = u(x, y) + iv(x, y), which is obtained by using the Schwarz- 
Christoffel formula, will allow us to find the streamlines for flows in domains in the 
w plane that are bounded by straight line segments. 

The first technique is finding the image of a fluid flowing horizontally from 
left to right across the upper half plane Im(z) > 0. The image of the streamline 
—co <t<, y = c will be a streamline given by the parametric equations 


(1) u=ut,c), v=v(t,c) for —0<t< co 


and will be oriented in the counterclockwise (positive) sense. The streamline 
u = u(t, 0), v = v(t, 0) is considered to be a boundary wall for a containing vessel 
for the fluid flow. 


EXAMPLE 10.29 Consider the conformal mapping 
1 
(2) w= f@ = =a@ — 1)? + Loge + @ — 1)'”)), 
which is obtained by using the Schwarz-Christoffel formula, to map the upper half 
plane Im(z) > 0 onto the domain in the w plane that lies above the boundary curve 


consisting of the rays u < 0, v = 1 and u = O, v = O and the segment u = 0, 
-lsv<0. 
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The image of horizontal streamlines in the z plane are curves in the w plane 
given by the parametric equation 


1 
3) w=f (t+ ic) = ze (2 — c2 — 1 + i2et)!/ 
| 
+ 7 Logit +ic+ (2 -—c? — 1+ i2ct)'?| 


for —% < t < «, The new flow is that of a step in the bed of a deep stream and is 
illustrated in Figure 10.87(a). The function w = f(z) is also defined for values of z 
in the lower half plane, and the images of horizontal streamlines that lie above or 
below the x axis are mapped onto streamlines that flow past a long rectangular 
obstacle. This is illustrated in Figure 10.87(b). 


(b) Flow around a blunt object. 


FIGURE 10.87 Accompanies Example 10.29. 
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EXERCISES FOR SECTION 10.10 


For Exercises 1-4, use the Schwarz-Christoffel formula to find a conformal mapping 
w = f(z) that will map the flow in the upper half plane Im(z) > 0 onto the flow indicated 
in each of the following figures. 


FIGURE 10.88 Accompanies Exercise 1. 


FIGURE 10.89 Accompanies Exercise 2. 


10.10 Image of a Fluid Flow 


, a Ne 
0 
(a) Flow around an inclined segment. 
0 
(b) Flow around a V-shape. 
FIGURE 10.90 Accompanies Exercise 3. 
4, 


Flow over a dam. 


FIGURE 10.91 Accompanies Exercise 4. 
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5. Use the Schwarz-Christoffel formula, and find an expression for f’(z) for the transfor- 
mation w = f(z) that will map the upper half plane Im(z) > 0 onto the flow indicated 


in Figure 10.92(a). Extend the flow to the one indicated in Figure 10.92(b). 
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(b) Flow around a pointed object. 


FIGURE 10.92 Accompanies Exercise 5. 


10.11 Sources and Sinks 


If the two-dimensional motion of an ideal fluid consists of an outward radial flow 
from a point and is symmetrical in all directions, then the point is called a simple 
source. A source at the origin can be considered as a line perpendicular to the z 
plane along which fluid is being created. If the rate of emission of volume of fluid 
per unit length is 27m, then the origin is said to be a source of strength m, the 
complex potential for the flow is 
(1) F(z) = mlogz, 
and the velocity V at the point (x, y) is given by 

—~ m 
(2) V@y=F'@= z 


For fluid flows a sink is a negative source and is a point of inward radial flow at 
which the fluid is considered to be absorbed or annihilated. Sources and sinks for 
flows are illustrated in Figure 10.93. 
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(a) A source at the origin. (b) A sink at the origin. 


FIGURE 10.93 Sources and sinks for an ideal fluid. 


Source. A Charged Line 


In the case of electrostatics a source will correspond to a uniformly charged line 
perpendicular to the z plane at the point zo. If the line L is located at z = O and 


carries a charge density of 3 coulombs per unit length, then the magnitude electric 


eee q a 
field is | E(x, y)| = —===5, hence E is given by 
: Jx? + y? 


B) Ewy =i = 


|2|? 
and the complex potential is 


(4) F(z) = -qlogz and E(u, y) = —F'(z). 


> 


ALLS 


A sink for electrostatics is a negatively charged line perpendicular to the z plane. 

The electric field for electrostatic problems corresponds to the velocity field for fluid 

flow problems, except that their corresponding potentials differ by a sign change. 
To establish equation (3), start with Coulomb’s law, which states that two 


: : : Ci 
particles with charges g and Q exert a force on one another with magnitude q@ ; 
E 


where r is the distance between particles and C is a constant that depends on the 
scientific units. For simplicity we assume that C = | and the test particle at the 
point z has charge QO = 1. 
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Ah 
The contribution AE, induced by the element of charge - along the segment 
of length AA situated at a height h above the plane has magnitude | AE, | given by 


(q/2)Ah 
le ot 


| aE, = 


It has the same magnitude as AE; induced by the element (gAh)/2 located a distance 
—h below the plane. From the vertical symmetry involved, their sum AE; + AE, 
lies parallel to the plane along the ray from the origin, as shown in Figure 10.94. 


(0, 0. A) B(q/2)AR 


FIGURE 10.94 Contributions to E from the elements of charge (q/2) AA situated 
at (0, 0, +h), above and below the z plane. 


By the principal of superposition we add all contributions from the elements 
of charge along L to obtain E = & AE,. Using the vertical symmetry, it is evident 
that E lies parallel to the complex plane along the ray from the origin through the 
point z. Hence the magnitude of E is the sum of all components | AE| cos ¢ that are 
parallel to the complex plane, where ¢ is the angle between AE and the plane. Letting 
Ah — 0 in this summation process produces the definite integral 


= (q/2)cos t 


Pewee, 


(5) JEG, y)| =| | AE| cos t dh = 
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Next use the change of variable A = r tan ¢ and dh = r sec*t dt and the trigonometric 


2 3 


identity sec*r = to obtain the equivalent integral: 


> 
re 


wh? 2 2 /2 
(q/2)cos tr + he q {" q 
(6) | Et, y)| = [ete — a af cost dt = = 


Multiplying this magnitude a by the unit vector a establishes formula (3). If 
. - 


“a 


q > 0 the field is directed away from zo = 0 and if g < 0 it is directed toward 
zo = 0. An electric field located at z) # 0 is given by 


and the corresponding complex potential is 


(8) F(z) = —gq log(z — z). 


EXAMPLE 10.30 (Source and Sink of Equal Strength) 


Let a source and sink of unit strength be located at the points +1 and —1, respec- 
tively. The complex potential for a fluid flowing from the source at +1 to the sink 
at —1 is 


z- 1 
(9) F(z) = loge — 1) ~ loge + 1) = oe(! + ) 


The velocity potential and stream function are 


“ 


] gl 
1 and w(x, y) = are( F 


(10) Oo, ¥y) = In rae 


” 
“ 


respectively. Solving for the streamline W(x, y) = c, we start with 


is, Rs eel eV Ss ey 
( c = arg 74 = arg G++, = arctan Page| 


and obtain the equation (tan c)(x° + y* —1) = 2y. A straightforward calculation 
shows that points on the streamline must satisfy the equation 


(12) x2 + (y — cotcyY = 1 + cote, 


which is easily recognized as the equation of a circle with center at (0, cot c) that 
passes through the points (+1, 0). Several streamlines are indicated in Figure 
10.95(a). 
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‘eS 


(a) Source and sink of equal strength. 


. 


(b) Two sources of equal strength. 


FIGURE 10.95 Fields depicting electrical strength. 


EXAMPLE 10.31 (Two Sources of Equal Strength) Let two 
sources of unit strength be located at the points +1. The resulting complex potential 
for a fluid flow is 


(13) F(z) = log(z — 1) + log(z + 1) = log(z? — 1). 
The velocity potential and stream function are 
(14) Oo, y= In| 2? —1| and wa, y) = arg(< — 1), 


respectively. Solving for the streamline w(x, y) = c, we start with 


= 2 
(15) c = arg(z* — 1) = argo? — » -— 1 + i2xy) = actan( 2) 
x 
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and obtain the equation x? + 2xy cot c — y* = 1. If we express this in the form 
[x — y tan(c/2)][x + y cot(c/2)] = 1 or 


(16) c .¢ Cc + c Cc c sine 
x cos = — vsin= }\| xsn-= cos =} = sin= cos - = 
MO ee a 20 


and use the rotation of axes 


—c —c —¢ —c 
17) x* = xcos—+ysin— and y* = —xsin— + ycos—, 
( ) _ ) y ) ) my 


~ 


then the streamlines must satisfy the equation x*y* = (sin c)/2 and are easily rec- 
ognized to be rectangular hyperbolas with centers at the origin that pass through the 
points +1. Several streamlines are indicated in Figure 10.95(b). 


Let an ideal fluid flow in a domain in the z plane be effected by a source 
located at the point zo. Then the flow at points z, which lie in a small neighborhood 
of the point zo, is approximated by that of a source with complex potential 


(18) Jog(z — z) + constant. 


If w = S(z) is aconformal mapping and wy = S(zo), then S(z) has a nonzero derivative 
at zo, and 


(19) w— wo = (z — z)[S'(%) + 1(z)] 
where 1(z) > 0 as z > 2. Taking logarithms yields 
(20) log(w — wo) = log(z — zo) + Log[S'(zo) + (2). 


Since S'(zo) ¥ 0, the term [Log S’(zo) + 1(z)] approaches the constant value 
Log[S’(zo)] as z > Zo. Since log(z — Zo) is the complex potential for a source located 
at the point zy, we see that the image of a source under a conformal mapping is a 
source, 

The technique of conformal mapping can be used to determine the fluid flow 
in a domain D in the z plane that is produced by sources and sinks. If a conformal 
mapping w = S(z) can be constructed so that the image of sources, sinks, and 
boundary curves for the flow in D are mapped onto sources, sinks, and boundary 
curves in a domain G where the complex potential is known to be F(w), then the 
complex potential in D is given by F2(z) = F\(S(z)). 


EXAMPLE 10.32 Suppose that the lines x = + n/2 are considered as walls of 
a containing vessel for a fluid flow produced by a single source of unit strength 
located at the origin. The conformal mapping w = S(z) = sin z maps the infinite 
strip bounded by the lines x = + 2/2 onto the w plane slit along the boundary rays 
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us —l,v =O and u = 1, v = 0, and the image of the source at z = 0 is a source 
located at wo = 0. It is easy to see that the complex potential 


(21) F\(w) = logw 


will determine a fluid flow in the w plane past the boundary curves u S —1, v = 0 
and u = 1, v = 0, which lie along streamlines of the flow. Therefore the complex 
potential for the fluid flow in the infinite strip in the z plane is 


(22) F2(z) = log(sin z). 


Several streamlines for the flow are illustrated in Figure 10.96. 


FIGURE 10.96 A source in the center of a strip. 


EXAMPLE 10.33 Suppose that the lines x = +n/2 are considered as walls of 
a containing vessel for the fluid flow produced by a source of unit strength located 
at the point z; = 7/2 and a sink of unit strength located at the point z. = —1/2. The 
conformal mapping w = S(z) = sin z maps the infinite strip bounded by the lines 
x = +n/2 onto the w plane slit along the boundary rays Kj: u s —1, v = O and 
Kz: u= 1, v = 0. The image of the source at z; is a source at w,; = 1, and the image 
of the sink at zz is a sink at w2 = —1. It is easy to verify that the potential 


-— |] 
(23) P00) = loa( : ) 


will determine a fluid flow in the w plane past the boundary curves K, and K2, which 
lie along streamlines of the flow. Therefore the complex potential for the fluid flow 
in the infinite strip in the z plane is 


as sinz+1/)° 


Several streamlines for the flow are illustrated in Figure 10.97. 
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FIGURE 10.97 A source and sink on the edges of a strip. 


The technique of transformation of a source can be used to determine the 
effluence from a channel extending from infinity. In this case, a conformal mapping 
w = S(z) from the upper half plane Im(z) > 0 is constructed so that the single source 
located at z) = 0 is mapped to the point wo at infinity that lies along the channel. 
The streamlines emanating from zo) = 0 in the upper half plane are mapped onto 
streamlines issuing from the channel. 


EXAMPLE 10.34 Consider the conformal mapping 
2 1 
(25) w= S(z)= 22 — 1)'2 + Arcsin | / 
z 
which maps the upper half plane Im(z) > 0 onto the domain consisting of the upper 
half plane Im(w) > 0 joined to the channel —1 <= u < 1, v S 0. The point z = 0 


is mapped onto the point wo = —ieo along the channel. Images of the rays r > 0, 
@ = & are streamlines issuing from the channel as indicated in Figure 10.98. 


as 


FIGURE 10.98 Effiuence from a channel into a half plane. 
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EXERCISES FOR SECTION 10.11 


1. 


Let the coordinate axes be walls of a containing vessel for a fluid flow in the first 
quadrant that is produced by a source of unit strength located at z) = 1 and a sink of 
unit strength located at z. = i. Show that F(z) = log[(z? — 1)/(z? + 1)] is the complex 
potential for the flow shown in Figure 10.99. 


1 
FIGURE 10.99 Accompanies Exercise 1. 


Let the coordinate axes be walls of a containing vessel for a fluid flow in the first 
quadrant that is produced by two sources of equal strength located at the points z; = 1 
and z2 = i. Find the complex potential F(z) for the flow in Figure 10.100. 

Let the lines x = 0 and x = 1/2 form the walls of a containing vessel for a fluid flow in 
the infinite strip 0 < x < 1/2 that is produced by a single source located at the point 
Zo = 0. Find the complex potential for the flow in Figure 10.101. 


FIGURE 10.100 Accompanies Exercise 2. 
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FIGURE 10.101 Accompanies Exercise 3. 


4. Let the rays x = 0, y > 0 and x = nm, y > 0 and the segment y = 0, 0 < x < x form the 
walls of a containing vessel for a fluid flow in the semi-infinite strip0 <<x<12,y>0 
that is produced by two sources of equal strength located at the points z} = 0 and 
22 = . Find the complex potential for the flow shown in Figure 10.102. Hint: Use the 
fact that sin(m/2 + z) = sin(n/2 — z). 


0 


FIGURE 10.102 Accompanies Exercise 4, 


fe 


* 5. Let the y axis be considered a wall of a containing vessel for a fluid flow in the right 
half plane Re(z) > 0 that is produced by a single source located at the point Z = 1. 
Find the complex potential for the flow shown in Figure 10.103. 

6. The complex potential F(z) = 1/z determines an electrostatic field that is referred to as 
a dipole. 
(a) Show that 


log(z) — log(z — a) 


Fe) = ig 8 


and conclude that a dipole is the limiting case of a source and sink. 


394 Chapter 10 Applications of Harmonic Functions 


FIGURE 10.103 Accompanies Exercise 5. 


FIGURE 10.104 Accompanies Exercise 6. 


(b) Show that the lines of flux of a dipole are circles that pass through the origin as 
shown in Figure 10.104. 
7. Use a Schwarz-Christoffel transformation to find a conformal mapping w = S(z) that 
will map the flow in the upper half plane onto the flow from a channel into a quadrant 
as indicated in Figure 10.105. 


FIGURE 10.105 Accompanies Exercise 7. 
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8. Use a Schwarz-Christoffel transformation to find a conformal mapping w = S(z) that 
will map the flow in the upper half plane onto the flow from a channel into a sector as 
indicated in Figure 10.106. 


FIGURE 10.106 Accompanies Exercise 8. 


9. Use a Schwarz-Christoffel transformation to find a conformal mapping w = S(z) that 
will map the flow in the upper half plane onto the flow in a right-angled channel indicated 
in Figure 10.107. 


FIGURE 10.107 Accompanies Exercise 9. 


10. Use a Schwarz-Christoffel transformation to find a conformal mapping w = S(z) that 
will map the flow in the upper half plane onto the flow from a channel back into a 
quadrant as indicated in Figure 10.108, where wo = 2/2 — 2 In(/2 — 1) + im. 
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FIGURE 10.108 Accompanies Exercise 10. 


11. (a) Show that the complex potential F(z) = w given implicitly by z = w + e” determines 
the ideal fluid flow through an open channel bounded by the rays 


y=R,-eo<x<-l and y= —-h,-e<x<-l 


into the plane. 
(b) Show that the streamline (x, y) = c of the flow is given by the parametric equations 


x=t+ecosc, y=crte'since for -—o<t<oo 


as shown in Figure 10.109. 


Mm 


FIGURE 10.109 Accompanies Exercise 11. 
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Fourier Series and the 
Laplace Transform 


11.1 Fourier Series 


In this chapter we show how Fourier series, the Fourier transform, and the Laplace 
transform are related to the study of complex analysis. We develop the Fourier series 
representation of a real-valued function U(t) of the real variable t. Complex Fourier 
series and Fourier transforms are then discussed. Finally, we develop the Laplace 
transform and the complex variable technique for finding its inverse. This chapter 
focuses on applying these ideas to solving problems involving real-valued functions, 
so many of the theorems throughout are stated without proof. 
Let U(t) be a real-valued function that is periodic with period 27, that is, 


(1) U(t + 2m) = U(t) for allt. 


One such function is s = U(t) = sin(t — 1/2) + 0.7 cos(2t — m — 1/4) + 1.7, 
and its graph is obtained by repeating the portion of the graph in any interval of 
length 27, as shown in Figure | 1.1. 


—2n th rt 20 30 4n 


FIGURE 11.1 A function U with period 27. 


Familiar examples of real functions that have period 27 are sin nt and cos nt, 
where 7 is an integer. This raises the question whether any periodic function can be 
represented by a sum of terms involving a,,cos nt and b,sin nt, where a, and b, are 
real constants. As we shall soon see, the answer to this question is often yes. 
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Definition 11.1 (Piecewise Continuous) The function U is piecewise 
continuous on the closed interval [a, b), if there exists values to. t),. . - sth 
with a = ty <t) <- ++ <t, = b such that U is continuous in each of the open 
intervals th ) <t<%(k = 1.2,... ,”) and has left- and right-hand limits 


7m 


at the values t. (kK = 0,1... . ,). 


We use the symbols U(a~) and U(a' ) for the left- and right-hand limits, respectively, 


of a function U(f) as t approaches the point a. 
The graph of a piecewise continuous function is illustrated in Figure 11.2 


where the function U(f) ts 


(r-t) +1 when I <1 <2, 


3 2 
2 Gs oy when 2 <1 < 3, 
5 
ioe 
1+ G when 3 < t < 4, 
6 
age ee when 4<1t< 6. 
The left- and right-hand limits at fg = 2, t) = 3, and tf) = 4 are easy to determine: 
Att = 2, we have U(2-) = + and U(2*)=4 
Att = 3, we have U(3-) = 4 and U(3*)=1 
Att = 4, we have U(4-) = 4 and U(4*)=2 


FIGURE 11.2 A piecewise continuous function U over the interval [1, 6]. 
Definition 11.2 (Fourier Series) /f U(t) is periodic with period 2n and 
is piecewise continuous on [—T, 1], then the Fourier series S(t) for U(t) is 
a . 
(2) St = = ote by (a;cos jt + b,sin jt), 
PS i= 


where the coefficients a; and b; are given by the so-called Euler’s formulae: 


; 1 {* 
3) a= Lf U(t) cos jt dt forj=O,1,... 


and 


(4) 
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J 1 
b) = tf U(t) sinjtdt forj=12..... 


I a ; : F 
The factor 5 in the constant term = on the right side of equation (2) has been 


a 


introduced for convenience so that ay could be obtained from the general formula 
in equation (3) by setting j = 0. The reasons for this wil] be explained shortly. The 
next result discusses convergence of the Fourier series. 


(5) 


Theorem 11.1 (Fourier Expansion) Assume that S(t) is the Fourier 
series for U(t). If U'(t) is piecewise continuous on [—%, 1], then S(t) is con- 
vergent for allt e [—n, 1]. The relation S(t) = U(t) holds for all t € [—1n, 1] 
where U(t) is continuous. if t = a is a point of discontinuity of U, then 


Ua) + Ula") 
4 


“ 


S(a) = 


where U(a~) and U(a*) denote the left- and right-hand limits, respectively. 
With this understanding, we have the Fourier expansion: 


Ut) = ~ + > {ajcos jt + bjsin jt). 
jel 


2 


t 
EXAMPLE 11.1 The function U(t) = = for te (—7, 7), extended periodically 


by the equation U(r + 2m) = U(1), has the Fourier series expansion 


(6) 


and 


—])ji*! ] it 
Ts cat ELI 
Jal J 


Solution Using Euler’s formulae (3) and integration by parts, we obtain 
| 


nT 


tsinjf cos jt 


Root 
=- = cos jtdt = =0 forj=1,2,... 
“ a WO Inj ap? Non : 
1 {" t ~—tcosjt  sinjt |" 
y=+] * sin jt dt =F» BL 
mM J-n2 2Tj Qmy* Jn 
— cos jm —ijer 
=! ae : forj=1,2,.... 
J J 


The coefficient ay 1s computed by the calculation 
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Using the results of equations (6) and (7) in equation (2) produces the required 
solution. The graphs of U(t) and the first three partial sums S)(t) = sin f, S2(t) = 


sin 2t . sin 2¢ sin 3t 
, and $3(t) = sint — + 


sin f — are shown in Figure 11.3. 


2 


FIGURE 11.3 The function U(t) = 1/2, and the approximations S,(r), S2(t), and 
S$2(t). 


We now state some general properties of Fourier series that are useful for 
calculating the coefficients. The proofs are left for the reader. 


Theorem 11.2 Jf U(t) and V(t) have Fourier series representations, then 
their sum W(t) = U(t) + V(t) has a Fourier series representation, and the 
Fourier coefficients of W are obtained by adding the corresponding coeffi- 
cients of U and V. 


Theorem 11.3 (Fourier Cosine Series) Assume that U(x) is an even func- 
tion. If U(t) has period 2m and U(t) and U'(t) are piecewise continuous, then 


the Fourier series for U(t) involves only the cosine terms (i.e., 6; = O for all j): 


(8) U() = a + >) ajcos jt, where 
jel 
2 {* : ; 
9) a= al U(t) cos jtdt forj=0,1,.... 


Theorem 11.4 (Fourier Sine Series) Assume that U(t) is an odd func- 
tion. If U(t) has period 2n and if U(t) and U'(x) are piecewise continuous, 
then the Fourier series for U(t) involves only sine terms (i.e., a, = 0 for 
all j): 


0) UD= = b, sin jt. where 
A 


2 ™ 
(11) b= 2 | vee sin ea forj=l,2,.... 
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Theorem 11.5 (Termwise Integration) (if U has a Fourier series rep- 
resentation given in equation (5), then the integral of U has a Fourier series 
representation which can be obtained by termwise integration of the Fourier 
Series of U, that is, 
Biot. = | [a; + ap(—1)/*!]sin jt bcos jt 
(12) [ Ute) de = S| ad sin _ doco ’ 
i=] J J 


F t 
where we have used the expansion do 5 > 
f= J 


ay(— 1)i* Igin jt ‘ 
—_————— in 
Example 11.1. 


Theorem 11.6 (Termwise Differentiation) /fU'(t) has a Fourier series 
representation, and U(t) is given by equation (5), then 


(13) U'(t) = & (jbjcos jt — Jasin jt). 
J=I 


EXAMPLE 11.2 The function U(r) = |1| for t « (~x, 7), extended periodi- 
cally by the equation U(t + 2m) = U(t), has the Fourier series representation 
um 44 cos[(2; — 1s] 
Un = |t) == - - >, 
O11 aA aj 


Solution The function U(s) is an even function, hence we can use Theorem 
11.3 to conclude that b,, = 0 for all 7, and 
it) fig 
2 | t cos jt dt = = 
T JO TT) TJ 0 
2cosjm— 2 2(-1)' — 2 


for y= Lb, 2,.05-5.4 
np np : 


2tsinjt  2-cos jt |" 
(14) a St 


The coefficient ay is computed by the calculation: 


= 1. 
0 


2 [* r 
(15) a ==] ra =* 
7 JO 7 


Using the results of equations (14) and (15) and Theorem 11.3 produces the required 
solution. 


The following intuitive proof will justify the Euler formulae given in equations 
(3) and (4). To determine dap we integrate both U(f) and the Fourier series represen- 
tation in equation (2) from —7 to m, which results in 


(16) | U(t) dt = | E +> (ajcos jt + bjsin in| dt. 
—7 at j=l 
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We are allowed to perform integration term by term, and we obtain 


a ay {* = 
(17) [ U(n) dt = a lat + > a; 


cos jtdtr+ > | sin jt dt. 
‘2 i} =e 


The value of the first integral on the right side of equation (17) is 27 and all 
the other integrals are zero. Hence we obtain the desired result: 


1 RK 
(18) a == | UU) db. 
TT J-n 


To determine a,,, we let m (mm > 1) denote a fixed integer and multiply both 
U(t) and the Fourier series representation in equation (2) by the term cos mt, and 
then we integrate and obtain 


n a n oo X 
(19) i. U(t) cos mt dt = > iz cos mt dt + >» qj ie cos mt cos jt dt 


j=l 
~~ t 
+ > b; | cos mit sin jt dt. 
j=l =n 


The value of the first term on the right side of equation (19) is easily seen to be 
zero: 


n 


dy sin mt 
ee = 0. 


2m 


ay 


(20) “| cos mt dt = 


' 


ht 


The value of the term involving cos mt cos jt is found by using the trigonometric 
identity: 


cos mt cos jt = steoslio + st} + cos[(Um — s)t]}. 
Calculation reveals that if m # j (and m > Q), then 
(21) a; i cos mt cos jt dt = a {F cos[(m + j)t] dt 
+ I cos|(m — jt] ar} = 0. 
When m = j, the value of the integral becomes: 


us 
(22) an | cos?mt dt = na,,. 
—z 


The value of the term on the right side of equation (19) involving the integrand 
cos mt sin jt is found by using the trigonometric identity 


cos mt sin jf = © sin{im + st] + sin[n — /rt}}. 
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and for all values of m and 7, we obtain 
2 Dy " . 7 “ , 
(23) b; | cos mt sin jt dt = > {| sin[(m + j)t] dt + | sin[(m — st] ar} = 0. 
Therefore, we can use the results of equations (20)—(23) in equation (19) to obtain 
i U(t) cos mt dt = na,, form =0,1,..., 

and equation (3) is established. We leave it as an exercise to establish Euler’s for- 
mula for the coefficients {b,}. A complete discussion of the details of the proof of 
Theorem 11.1 can be found in some advanced texts. See for instance, John W. 


Dettman, Chapter 8 in Applied Complex Variables, The Macmillan Company, New 
York, 1965. 


EXERCISES FOR SECTION 11.1 


For Exercises 1-2 and 6-11, find the Fourier series representation. 


1 ftorO<t<17, 
for -m<r< 0. 


1. Uw) = {i See Figure 11.4. 


—t forO<tsn, 
See Figure 11.5. 
+t for-n<1<0. 


—n/2 


FIGURE 11.5 The graph of V(r) for Exercise 2. 
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3. For Exercises 1 and 2. verify that U(t) = —V'(t) by termwise differentiation of the 
Fourier series representation for V(t). 


T = (-1yr} 
> 


Tr 
4. For Exercise 1, set t = > and conclude that — = 


a 
& 
| 

oe 


4 
Ke 


5. For Exercise 2, set t = 0 and conclude that — eee 
8 ja (j- 1¥ 


Tt 
-1 for=<r< qd, 
Os < 


6 Un=d 1 for <1<F, See Figure 11.6. 


-1] for-nt<1<—. 
2 


FIGURE 11.6 The graph of U(r) for Exercise 6. 


_ 0 
T—t for><1<n, 


—t nt 
7. Ut = 4t for <1< > See Figure 11.7. 


=.= a a ae ae 


—n/2 


FIGURE 11.7 The graph of U(t) for Exercise 7. 


11.1 


8. U(t) is given in Figure 11.8, 


nh —n/2 nf2 T 


FIGURE 11.8 The graph of U(r) for Exercise 8. 


tr 
1 for SES, 


-t qT 
9. U= 0 for <t<7, See Figure 11.9. 


FIGURE 11.9 The graph of U(t) for Exercise 9. 


10. V(r), given in Figure 11.10. 


nf2 


s= V(t} 


th ~n/2 n/2 tT 


FIGURE 11.10 The graph of V(r) for Exercise 10. 


Fourier Series 
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11. U(t), given in Figure 11.11. 


FIGURE 11.11 The graph of U(t) for Exercise 11. 


11.2 The Dirichlet Problem for the Unit Disk 


The Dirichlet problem for the unit disk D: |z| < 1 is to find a real-valued function 
u(x, y) that is harmonic in the unit disk D and that takes on the boundary values 


(1) u(cos 0, sin 6) = U(®) for-n< O07, 


at points z = (cos @, sin 8) on the unit circle, as shown in Figure 11.12. 


y 


i 
ln U(t) = u(cos t, sin t) 
x 
WW 


FIGURE 11.12 The Dirichlet problem for the unit disk |z| <1. 


Theorem 11.7 Jf U(t) has period 2n, and has the Fourier series 
representation 


Q) U®= > + ¥ (@cos jt + b; sin jt), 
J=1 


then the solution u to the Dirichlet problem in D is 
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(3) u(r cos 8, r sin 8) = + By (a; ricos 78 + b; r/sin 78), 
j=l 


where x + iy = re’ denotes a complex number in the closed disk <1, 


VA 
Zz 


It is easy to see that the series representation in equation (3) for u takes on 
the prescribed boundary values in equation (1) at points on the unit circle |z =). 
Since each term r”cos /@ and r“sin j@ in series (3) is harmonic, it is reasonable to 
conclude that the infinite series representing » will also be harmonic. The proof 
follows after Theorem 11.8. 

The following result gives an integral representation for a function u(x, y) that 
is harmonic in a domain containing the closed unit disk. The result is the analog to 
Poisson’s integra) formula for the upper half plane. 


Theorem 11.8 (Poisson Integral Formula for the Unit Disk) Ler 
u(x, y) be a function that is harmonic in a simply connected domain that 
contains the closed unit disk |z| < 1. If u(a, y) takes on the boundary values 


u(cos 8, sin @) = U(®) for-—n <6 <7, 
then u has the integral representation 
; 1 f" (1 — r2) UW at 
4 Cohn) 
Be TE par) alle? 2p Ponte 8) 


that is valid for |z| <1. 


Proof Since u(, y) is harmonic in the simply connected domain, there 

exists a conjugate harmonic function v(x, y) such that f(z) = u(x, y) + iv(x, y) is 
analytic. Let C denote the contour consisting of the unit circle: then Cauchy’s in- 
tegral formula 
Lf f() & 
5 zy==—]}, 
(5) f(z) On le ba 
expresses the value of f(z) at any point z inside C in terms of the values of f(&) at 
points & that lie on the circle C. 

If we set z* = (Z)~! then z* lies outside the unit circle C and the Cauchy- 
Goursat theorem establishes the equation 


1 f fa 


Waa 


Subtracting equation (6) from equation (5) and using the parameterization € = e”, 


ae ' | ee 
dé = ie" dt and the substitutions z = re’, z* = — e” gives 
A 


\ - ett _ elt . 
1) fe= > a erred, | flea 


r 
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The expression inside the parentheses on the right side of equation (7) can be written 
eit ei ] reit-9 


et — re’? 1d reil@-) | = zeit 
ih 


_ }- r? 
~ 1 + 72 ~ 2rcos(t — 8) 
and it follows that 


x (1 — r?)f(e") dt 


(9) f@= -x1 + r2— 2rcos(t ~ 6)° 


Since u(x, y) is the real part of f(z) and U(t) is the real part of f(e", we can 
equate the rea} parts in equation (9) to obtain equation (4), and proof Theorem 11.8 
is complete. 


We now turn our attention to the proof Theorem 11.7. The real-valued function 


j1-r 


I .to Sage es Spat a Ee oe 
(10) P(r, t — 9) 1 + r2 — 2rcos(t — 6) 


is known as the Poisson kernel. Expanding the left side of equation (8) in a geometric 
series gives 


1 ret- hi 


== » pr? eto) + > ri ginlt-0) 


1 — rel? | le reli! n=0 n=l 


(11) Pi@,t-—- 8) 


It 


pas ee Sy rafeinO— 4. gint-O] = 1 42 y r'cos[n(® — 2)] 
n=] n=] 


1 +2 > r(cos 28 cos nt + sin n8 sin nt) 


t= 


tl 


i 


1+2 > r'cos n8 cos nt + 2 > r"sin nO sin nt. 


n=) n=) 


We now use the result of equation (11) in equation (4) to obtain 


tl 


] 4 
u(r cos 8, r sin 8) | P(r, t — 8) U(r) dt 


1 n ] n bcd 
=— +[" U(t) dt ae S) r'cos n8 cos nt U(t) dt 


-h p= | 


+f" > r’sin nO sin nt U(t) dt 


T y= 


Be if 
~ On Lf" U(t) dt + >> r’cos n@ 4 i cos nt U(t) dt 
2 1 fe 
+ S r"sin n® — ah sin nt U(t) dt 
n=) = 


ie aa > a, r’cos n@ + ya b, r’sin n@, 
n=1 
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where {a,,} and {b,,} are the Fourier series coefficients for U(t). This establishes the 
representation for u(r cos 8, r sin 8) stated in Theorem 11.7. 


EXAMPLE 11.3 Find the function u(x, y) that is harmonic in the unit disk 
|z| < 1 and takes on the boundary values 


i) 
(12) u(cos 9, sin 8) = U(8) = 5 for -x7 << 0<T. 


Solution Using Example 11.1, we write 


(- 1)"*! 
n 


sin nt, 


(13) U®= 2 
Using formula (3) for the solution of the Dirichlet problem, we obtain 


tal —] +1 
(14) u(rcos @, rsin 6) = bo ( : r’sin nO. 
n=l 


We remark that the series representation (14) for u takes on the prescribed boundary 
values (12) at points where U is continuous. The boundary function U is discontin- 
uous at z = —1, which corresponds to 6 = tm; and U was not prescribed at these 
points. Graphs of the approximations U,(r) and u7(x, y) = u7(r cos 9, r sin 8) which 
involve the first seven terms in equations (13) and (14), respectively, are shown in 
Figure 11.13. 


s= U(t) 


(b) The graph of s = u>(r cos 8, 7 sin @). 


FIGURE 11.13 Functions U;(1) and u7(r cos 6, r sin 6) for Example 11.3. 


EXERCISES FOR SECTION 11.2 


For problems 1-6, find the solution to the given Dirichlet problem in the unit disk D by 
using the Fourier series representations for the boundary functions that were derived in the 
examples and exercises of Section 11.1. 
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a 1 forO<@O<7, 
u ue= | for -~7<0<0, 


—6 forO<O0<1, 
2. U(8) = 


Nia NIA 


+6 for-~7<6< 0. See Figure 11.14. 


3. U(®) = 1 for —<9<- 


—T Tt 
4. U(8) = 40 for — <@<-, 
(8) or 3 


-na— 8 for “ne0 ose, 


Tt 
m-6 DES See, 


—1 tT 
for —<60<-, 
2 


5, U(®) = > 


Nia 


—1 
m+ 0 for ES as. See Figure 11.15. 


11.2 The Dirichlet Problem for the Unit Disk 411 


FIGURE 11.15 Approximations for Us(6) and us(r cos 6, r sin 8) in Exercise 5. 


1 ae Cord 
2 
ae 


6. Ue) =4 0 for" <0 < 7 


-1 for-t<6< = See Figure 11.16. 


AN 
HNTAMNAANAA 
i“ LUI} 


FIGURE 11.16 Approximations for U7(8) and u7(r cos 8, r sin 6) in Exercise 6. 
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T 
0 for > ssn 
= 1 
xe tor ose = 
> 2 
7, UB)= ae 
—--— for —-<0<0 
2 2 
0 for ee eer as 
0 for -<8<n, 
—] for 0<0<-, 
B. U(®) = 7 


} for =e See 0: 
2 


—Tt 
0 for “ASO < ; 


9. Write a report on the Dirichlet problem and include some applications. Resources in- 
clude bibliographical items 70, 71, 76, 77, 85, 98, 135, and 138. 

10. Look up the article on the Poisson integral formula and discuss what you found. Use 
bibliographical item 115, 


11.3. Vibrations in Mechanical Systems 


Consider a spring that resists compression as well as extension, that is suspended 
vertically from a fixed support, and a body of mass m that is attached at the lower 
end of the spring. We make the assumption that the mass m is much larger than the 
mass of the spring so that we can neglect the mass of the spring. If there is no motion 
then the system is in static equilibrium, as illustrated in Figure 11.]7(a). If the mass 
is pulled down further and released, then it will undergo an oscillatory motion. 

Suppose there is no friction to slow down the motion of the mass, then we say 
that the system is undamped. We will determine the motion of this mechanical 
system by considering the forces acting on the mass during the motion. This will 
lead to a differential equation relating the displacement as a function of time. The 
most obvious force is that of gravitational attraction acting on the mass m and is 
given by 


(1) FF, = meg. 


where g is the acceleration of gravity. The next force to be considered is the spring 
force acting on the mass and is directed upward if the spring is stretched and down- 
ward if it is compressed. It obeys Hooke’s law 


(2) Fy = ks, 


where s is the amount the spring is stretched when s > Q and is the amount it is 
compressed when s < 0, 
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When the system is in static equilibrium and the spring is stretched by the 
amount So, the resultant of the spring force and the gravitational force is zero, which 
is expressed by the equation 


(3) mg — ksy = 0. 


Let s = U(t) denote the displacement from static equilibrium with the positive s 
direction pointed downward as indicated in Figure 11.17(b). 
The spring force can be written as 


Fy = —k[so + U(t)] = —ksp — kU(1), 
and the resultant force Fe is 


(4) Fr = F + F, = mg — kso = kU(t) = —kU(t). 


y= hsp Fp = ~ksp—kU(1) 
F = me sy = U(t) 
Fi = my 

(a) System in static equilibrium. (b) System in motion. 


FIGURE 11.17 The spring mass system. 


The differential equation for motion is obtained by using Newton’s second 
law, which states that the resultant of the forces acting on the mass at any instant 
satisfies 
(5) Fr = ma, 


Since the distance from equilibrium at time ¢ is measured by U(f), the accel- 
eration a is given by a = U"(t), and using equations (4) and (5) we obtain 


(6) Fr = ~—kU(t) = mU"(1). 


Hence the undamped mechanical system is governed by the linear differential 
equation 


(7) mU"(1) + kU(1) = 0. 
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The general solution to equation (7) is known to be 


k 
(8) U() =Acosaf + Bsin wt, where w = es 
{1 
Damped System 


If we consider frictional forces that slow down the motion of the mass, then we say 
that the system is damped. This is visualized by connecting a dashpot to the mass, 
as indicated in Figure 11.18. For smal! velocities it is assumed that the frictional 
force F; is proportional to the velocity, that is, 


(9) Fs = —cU'(t). 


The damping constant c must be positive, for if U'(t) > 0, then the mass is moving 
downward and hence F; must point upward, which requires that F3 is negative. The 
resultant of the three forces acting on the mass is given by 


(10) Fy + Fy + Fy = —kU(t) — cU'(t) = mU"(t) = Fp. 
Hence the damped mechanical system is governed by the differential equation 


(hl) mU"() + cU'(D + kU) = 0. 


k Spring 
m Mass 
c Dashpot 


FIGURE 11.18 The spring mass dashpot system. 


Forced Vibrations 


The vibrations discussed earlier are called free vibrations because al] the forces that 
affect the motion of the system are internal to the system. We extend our analysis 
to cover the case in which an external force Fy = F(t) acts on the mass, see Figure 
11.19. Such a force might occur from vibrations of the support to which the top of 
the spring is attached, or from the effect of a magnetic field on a mass made of iron. 
As before, we sum the forces F), F2, F3, and F4 and set this equal to the resultant 
force Fx and obtain 


(12) F, + F> + FP, a Fy, = Fr = —KU(t) _ cU'(t) e F(t) = muU"(t). 
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Therefore, the forced motion of the mechanical system satisfies the nonhomoge- 
neous linear differential equation 


(13) mU"(t) + cU'(D) + kU) = FC). 


The function F(t) is called the input or driving force and the solution U(t) is called 
the output or response. Of particular interest are periodic inputs F(t) that can be 
represented by Fourier series. 


Fy = ~ksg—-kU(t) 


F, =-cUt} 


External force. Damping force. 


F = mg 


FIGURE 11.19 The dashpot system with an external force. 


For damped mechanical systems that are driven by a periodic input F(t), the 
general solution involves a transient part that vanishes as t ~ +o, and a steady 
state part that is periodic. The transient part of the solution U,(t) is found by solving 
the homogeneous differential equation 


(14) mUj(t) + CUCL) + kU,(t) = 0. 


Equation (14) leads to the characteristic equation mA? + cd + k = 0, which 
—c+ Yc? — 4mk z Ht 
has roots A = acne tae at The coefficients m, c, and k are all positive, and 
m 
there are three cases to consider. 

If ce? — 4mk > 0, the roots are real and distinct, and since ./c? — 4mk < cc, it 
follows that the roots \, and Az are negative real numbers. Thus, for this case, we 
have 

lim U,(t) = lim (Aje*" + Are) = 0. 

{> +00 f+ +00 
If the roots are real and equalJ, then X; = Az = A, where A is a negative real number. 
Again, for this case we find that 

lim U,(D = fim (Aye + Azte™) = 0. 


{> toe fate 
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If the roots are complex, then A = —o. + Bi, where a and are positive real numbers, 
and it follows that 
lim U,(t) = lim (Aje~“cos Bt + Azre~™sin Br) = 0. 
lot+eoo 


fo toec 


In all three cases, we see that the homogeneous solution U,,(t) decays to 0 as 
t +o, 

The steady state solution U,(t) can be obtained by representing U,(t) by its 
Fourier series and substituting U},(), U,(4), and U,(f) into the nonhomogeneous 
differential equation and solving the resulting system for the Fourier coefficients of 
U,(t). The general solution to equation (13) is then given by 


U(t) = U,{t) + U,(t). 


EXAMPLE 11.4 Find the general solution to U"(t) + 2U’(t) + U(t) = F(t), 

hae . : = cos[(2n — 1)£] 
where F(t) is given by the Fourier series F(t) = > On - be 
n=] re 


Solution First we solve Uj(t) + 2U{(t) + U,(t) = O for the transient solu- 
tion. The characteristic equation is A? + 2A + | = 0, which has a double root 
dX = —1. Hence 


U,(t) = Aye! + Apte~’. 


The steady state solution is obtained by assuming that U,(t) has the Fourier series 
representation 


Ge Sep. 
U,(t) = es + > a,cos nt + >, b,sin nt, 
n=! n=] 


and that U,(t) and U;(t) can be obtained by termwise differentiation: 


oo 


2U,(t) = 2 >) nb,cos nt - 2 > na,sin nt, and 
n=l 1 


n= 


ee 


U,(t) = - ¥ n’a,cos nt -— ¥ n?b,sin nt, 
n=] 


n=l 


Substituting these expansions into the differentia] equation results in 


F(t) = a + >, {C1 — n?)a, + 2nb,] cos nt 
n=] 


+ ¥) [-2na, + (1 — n?)b,] sin nt. 


n=1 


Equating the coefficients with the given series for F(t), we find that = 0, and 
that 


i when nv is odd, 
(1 — n*)a, + 2nb, = 417 


0 when 7 is even, 


—2na, + (1 — n?)b, = 0 for all n. 
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Solving this linear system for a, and b,, we find that 


l-9n for n odd, 


a = 9n2(1 + wey 
0 for n even, 
2n for » odd, 
by = yn. + 2 
0 for n even. 


And the general solution is given by 


_ z 4 w Ue = (2n = 19] cos[(2n — It] 
U(t) = Aye"! + Aste! + 2, Qn — 1e[l + On — De Tt + Qn - De 
= 2(2n — 1) sin[(2n — 1)4] 


S (Qn — 1901 + Qn - 1)?" 


EXERCISES FOR SECTION 11.3 


For the exercises, use the results of Section 11.1. 
1, Find the general solution to U"(f) + 3U'(1) + U(t) = Fd). 
t = (-1)"*'cos[(2n - 1)t 
(a) Fi) = = (b) FX = > ial eels 
2 n=l 2n — ] 


(ce) F(t) is shown in Figure 11.20. 


_ on 
n-t IO 


Fi) = 41 ese ee eg 
= or — =, 
2 2 

—T 

—nt —t Me ld ae a 


ee 45 (- 1) sin — 1 
Hint: F(t) = »> pe Des — 1p 


S 


ni Ss = F(t) 


—n/2 


FIGURE 141.20 The graph of F(t) for Exercise 1 part c. 
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2. Find the genera] solution to 2U"(t) + 2U'(1) + U(t) = F(t), 
: t : — sin[(2n — 14] 
(a) F) = > () Fy = 5 
2 nl 2n— 1 
(c) F(t) is shown in Figure 11.21. 
: mn 24 cos[(2j — 1)¢] 
Hint: F(t) = — + — >, 
int: FO = + 5D Qp=ip 
4 & cos[2(2j — 14) 
wii 2427 — 1% 
where a4, = 0 for all 7. 


Th ~m/2 wW/2 4 


FIGURE 11.21 The graph of F(1) for Exercise 2 part c. 


11.4 The Fourier Transform 


Let U(t) be a real-valued function with period 2m which is piecewise continuous 
such that U’(r) also exists and is piecewise continuous. Then U(t) has the complex 
Fourier series representation 


(1) U@®= Dd cre, where 


N= 


1 {" : 
(2) «, = = U(pe~" dt for all n. 
2m J-n 


The coefficients ({c,} are complex numbers. Previously, we expressed U(t) as a real 
trigonometric series: 


G3) UM= + > (a,cos nt + b,sin nt). 
n=) 


Hence, a relationship between the coefficients is 


(4) @n = Cn + CLn forn=0.1,..., and 
Mie 2 reso 


b, =. Uy = C_n) fora 
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These relations are easy to establish. We start by writing 


Co + > c,e + >. c_,e" 
n=] 


n=l 


(5) Ul) 


Cy + S c,(cos nt + isin nt) + bs c..,(cos nt — i sin nt) 


n=l n=] 


Co + S [(c, + ¢€_,) cos nt + Uc, — ¢_,) sin nt}. 

n=) 
Comparing equation (5) with equation (3), we see that ap = 2cy, a, = c, + ¢_,, and 
b,, = {Cp ~ Con). 

If U(t) and U’(t) are piecewise continuous and have period 2L, then U(t) has 
the complex Fourier series representation 


i 


(6) U(t)= DS ce), where 


i= ~ 00 


1 E 
(7) cy = oT ie Une") dt for all n. 


We have seen how periodic functions are represented by trigonometric series. 
Many practical problems involve nonpertodic functions. A representation analogous 
to Fourier series for a nonperiodic function U(t) is obtained by considering the 
Fourier series of U(t) for —L < t < L and then taking the limit as L > ©. The result 
is known as the Fourier transform of U(f). 

Start with a nonperiodic function U(t) and consider the periodic function U;,(1) 
with period 2L, where 


(8) Ux(t) = UD for -L<t<L, and 
Ut) = Uzp(t + 2L) for allt 


Then U,(t) has the complex Fourier series representation 


(9) Ut) = > cen, 


We introduce some terminology to discuss the terms in equation (9), first 
(10) w, = mn/L is called the frequency. 


If ¢ denotes time, then the units for w,, are radians per unit time. The set of all 
possible frequencies is called the frequency spectrum, i.e., 


—3n -—2n -nX OH 2N 3n 
i a ewe eg 
It is important to note that as L increases, the spectrum becomes finer and approaches 
a continuous spectrum of frequencies. It is reasonable to expect that the summation 


in the Fourier series for U;,(t) will give rise to an integral over [—oe, o], This is 
stated in the following important theorem. 
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Theorem 11.9 (Fourier Transform) Let U(t) and U'(t) be piecewise con- 
tinuous, and 


(11) | |U(t)| dt <M, 
for some positive constant M. The Fourier transform F(w) of U(t) is defined as 
1 {~ 
(12) Fw) = ae) U(ne-™ dt. 
2m J-« 
At points of continuity, U(t) has the integral representation 
(13) U(H= | F(w)e'"" dw, 
and at a point t = a of discontinuity of U, the integral in equation (13) con- 
U(a-) + U(a') 


2 
into F by using the operator notation: 


(14) %(U()) = FO). 


verges to . Remark: It is common to show that U is transformed 


1 
2L on 
used in conjunction with equations (7) and (9) and definition (10) to obtain 


T 
Proof Set Aw, = w,,; — Ww, = and Aw, These quantities are 


N= ow 


af kf | 
= E | U(the= Ma! a fom Aw,,. 
N= —oo 2n -L 


If we define F,(w) by 


bed L 
(15) U;{t) By E is Ute ul a es 


1 ft ; 

(16) Fi(w) = | U(de"™ dt, 
2m J-L 

then equation (15) can be written as 


(17) UN = Dd) Frown de! Any. 

ASL gets large, F,(w,,) approaches F(w,,) and Aw, tends to zero. Thus the limit 
on the right-hand side of equation (17) can be viewed as an integral. This substan- 
tiates the integral representation 


os 


(18) U() = f F(wye™’ dw, 


A more rigorous proof of this fact can be found in advanced texts. Table 11.1 gives 
some important properties of the Fourier transform. 
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TABLE 11.4 Properties of the Fourier Transform 


Linearity w(aU (t) + bUAt)) = a BU (t)) + b RU2A1)) 
I 

Symmetry If (UM) = F(w), then ®(F(O) = ae U(-w) 

. : 1 w 
Time scaling w(U(at) = —> FL - 

la] \e@ 

Time shifting w(U(t — t)) = e-"*F(w) 
Frequency shifting (e-"U(t)) = FOw — wo) 
Time differentiation *e(U'(1)) = iwF(w) 
Frequency DEW) gi cans 
differentiation dwt 8(—H)'UO) 
Moment Theorem If M, = [ r'U(t) dt, then (—1)"M,, = 2nF'™(0). 


1 
m1 + w)” 


EXAMPLE 11.5. Show that F(e-!"') = 


Solution Using formula (12), we obtain 


1 [> 
Fw) = On ie eWiNe-imt de 


= i ellie dt + i (i ef! !-) dt 
27 Jc 2n Jo 
inn [° (nae 
= ————_ _)il-iy -———_—_—_— _ ef-}-it 
2n(1 — iw) © jew 20(—1 — iw) 10 
1 ] 1 


2n(1 — iw) 2n(1+ iw) nl + w?)’ 


and the result is established. 


EXAMPLE 11.6 Show that n(t3) = sei, 


Solution Using the result of Example 11.5 and the symmetry property, we 
obtain 
(19) Ay as ool yeh cal ek ster 
m1 + £) 2n 2m 


The linearity property is used to multiply each term in equation (19) by 7 and obtain 


ee es ne 
oa eee ae ee 


and the result is established. 
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EXERCISES FOR SECTION 11.4 


1 for |t| <1, Find #(U() 
0 for |r) >. 
sint for |r| <n, Show that §(U()) = i sin mw 

0 for |r| >t. 6 m1 — w-)- 


1- |t| for |r| < le. d UW) 
0 for |t| > 1. Biot , 


1. Let U() = { 
2. Let U(s) = { 


3. Let U(t) = { 


5 1 , 
4, Let U() = e-"”. Show that %(U(t) = = ere, 
Von 


Hint: Use the integral definition and combine the terms in the exponent, then complete 


the square and use the fact that ‘ie er? dr = /2n. 
5. Use the time scaling property and the example in the text to show that 
[a 
Blew") = na? + wy" 
6. Use the symmetry and linearity properties and the result of Exercise 1 to show that 
-fsint + for Jw] <1), 
(2) ~ to for |w| > 1. 


7, Use the symmetry and linearity properties and the result of Exercise 2 to show that 


anes isinw for |w| <n, 
a(U2#) - 2 


0 for |w| >t. 


8. Use the time differentiation property and the result of Exercise 4 to show that 


wie, iwe- wel? 


J2n 


9. Use the symmetry and linearity properties and the results of Exercise 3 to show that 


ote") = 


4n 


oe 
5 _ i= || for |w| <1, 
0 for |w] > 1. 


10. Write a report on the Fourier transform. Discuss some of the ideas you found in the 
literature that are not mentioned in the text. Resources include bibliographical items 15, 
17, 100, 69, 149, and 159. 


11.5 The Laplace Transform 
From Fourier Transforms to Laplace Transforms 


We have seen that certain real-valued functions f(t) have a Fourier transform and 
that the integral 


(1) go) = | foe at 


11.5 The Laplace Transform 423 


defines the complex function g(w) of the real variable w. By multiplying the 
integrand in formula (1) by e-%, we extend this and define a complex function 
G(o + iw) of the complex variable o + iw: 


(2) Glo + iw) = [ fee"! dt = i. fe dy, 


The function G(o + iw) is called the two-sided Laplace transform of f(t), and it 
exists when the Fourier transform of the function f(t)e-™ exists. From the Fourier 
transform theory, we can state that a sufficient condition for G(o + iw) to exist is 
that 


(3) ‘< [fin|e-% dt < 


shall exist. For a given function f(f), this integral is finite for values of o that lie in 
some intervala <o < b. 

The two-sided Laplace transform uses the lower limit of integration t = —oo, 
and hence requires a knowledge of the past history of the function f(A), i.e.. f < 0. 
For most physical applications, one is interested in the behavior of a system only 
for t = 0. Mathematically speaking, the initial conditions f(0), f'(0), f"(0),. . . , 
are a consequence of the past history of the system and are often all that is necessary 
to know. For this reason, it is useful to define the one-sided Laplace transform of 
f(t), which is commonly referred to simply as the Laplace transform of f(t), which 
is also defined as an integral: 


(4) LUf()) = F(s) = [toe dt, wheres = 6 + iw. 


If the defining integral (4) for the Laplace transform exists for so = Op + iw, 
then values of 6 with 6 > 6 imply that e~" < e-%, and thus 


(5) in [f(t] en! dt< [ | f(t)| e- oe" dt < 0c, 


and it follows that F(s) exists for s = o + iw. Therefore, the Laplace transform 
L(f(t)) is defined for all points s in the right half-plane Re(s) > op. 

Another way to view the rejationship between the Fourier transform and the 
Laplace transform is to consider the function U(t) given by 


for t = 0, 
io) vw =f.” tee. 


Then the Fourier transform theory shows us that 


(7) U®= = i i U(ne-iv" ate dw, 


and since the integrand U(f) is zero for t < 0, equation (7) can be written as 


(8) fp = - ie II f(pe- it om dw. 
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ds 
Use the change of variable s = 06 + iw and dw = af where O > Og is held fixed, 
i 


then the new limits of integration are from s = 6 — iw tos = 6 + iw, The resulting 
equation is 


2Ni J o- ier 


(9) f(y = a i Je i ds. 


From equation (9) it is easy to recognize that the Laplace transform is 


(10) F&( f(t) = Fls) = [noe dt, 


and that the inverse Laplace transform is 


Gt foo 


1 
1 ‘ — =e st 
(i) Lo 'CF(s)) = f() Flee F(s)e* ds. 


Properties of the Laplace Transform 


Although a function f(t) may be defined for all values of 1, its Laplace transform is 
not influenced by values of f(7), where f < 0. The Laplace transform of f(1) is actually 
defined for the function U(f) given by 


_ ff fort = 0, 
ge) un =f for 1 <0. 


A sufficient condition for the existence of the Laplace transform is that (f(t)| does 
not grow too rapidly as tf > +o, We say that the function fis of exponential order 
if there exists real constants M > 0 and K, such that 


(13) |f)) < Mek’ holds for all 1 = 0. 


All functions in this chapter are assumed to be of exponential order. The next the- 
orem shows that their Laplace transform F(o + /t) exists for values of s in a domain 
that includes the right half-plane Re(s) > K. 


Theorem 11.10 (Existence of the Laplace Transform) [ff is of ex- 
ponential order, then its Laplace transform L( f(t)) = F(s) is given by 


(14) F(s) = [ fitje-" dt, where s = 6 + iw. 


The defining integral for F exists at points s = 0 + it in the right half plane 
o> kK, 


Proof Using s = o + it we see that F(s) can be expressed as 


(15) F(s) = [F tere-ecos tt dt — i | foe-esin tt dt. 
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Then for values of o > K, we have 


(16) in | f(2)| 7° | cos tt| dt< van eK-o dt< and 


o-— K’ 


(17) ie [f(t)| e-% | sin tt | dt<M fi eh-o dt < — 


which imply that the integrals defining the real and imaginary parts of F exist for 
values of Re(s) > K, and the proof is complete. 


Remarks The domain of definition of the defining integral for the Laplace trans- 
form £(f(1)) seems to be restricted to a half plane. However, the resulting formula 
F(s) might have a domain much larger than this half plane. Later we will show that 
F(s) is an analytic function of the complex variable s. For most applications in- 
volving Laplace transforms that we will study, the Laplace transforms are rational 


P 
functions that have the form oy , where P and @Q are polynomials, and some other 
Ss 


ew P( 5) 
Q(s) © 


important ones will have the form 


Theorem 11.11 (Linearity of the Laplace Transform) Ler fand g have 
Laplace transforms F and G, respectively. If a and b are constants, then 


(18) L(afit) + bg() = aFls) + bG(s). 
Proof Let K be chosen so that both F and G are defined for Re(s) > K, then 
(19) L(af(t) + bg(t)) = ie [af(t) + bg(tje~” dt 


=a [ Fipe" at + b lf g(the" dt 
aF(s) + bG(s). 


Theorem 11.12 (Uniqueness of the Laplace Transform) Let f and g 
have Laplace transforms, F and G, respectively. If F(s) = G(s), then f(t) = 
g(t). 


Proof If o is sufficiently large, then the integral representation, equation 
(10), for the inverse Laplace transform can be used to obtain 


1 ‘© ~ foo 1 St leo 
‘ = -1 =— st = — st 
(20) f(t) = L£-(F(s)) ani a Fi(sje" ds a a G(s)e” ds 
= £-\(G(s)) = ef), 


and the theorem is proven. 
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EXAMPLE 11.7 Show that the Laplace transform of the step function given 


by 
_fl forOst<a .g _ See 
fO= f force <t is £(f(0) = A 
Solution Using the integral definition for ¥(f(t)), we obtain 
aa; ; c Bas ; —~e7! f=e ] -—-ee 
L( f(t) = [ f(pe-" dt = i edt + | e-". Odt = = —— 
0 0 c 5 1=0 Ss 
| 
EXAMPLE 11.8 Show that £(e") = ——. where a is a real constant. 


s-a 


Solution We will actually show that the integral defining £(e*") is equal 


to the formula F(s) = for values of s with Re(s) > a, and the extension to 


Sa 
other values of s is inferred by our knowledge about the domain of a rational func- 
tion, Using straightforward integration techniques we find that 


v0 R 
[ ee St dt = lim [ el 3M dt 
0 Rote JO 


ele SOR I 


£( e”) 


lim : 
Rotwa A— S S—-a@ 

Let s = o + it be held fixed, or where 6 > a. Then since a — © is a negative real 
number we have lim e'-"® = 0 and this is used in equation (10) to obtain the 


Ras + ve 
desired conclusion. 
The property of linearity can be used to find new Laplace transforms from 
known ones. 


EXAMPLE 11.9 Show that ¥(sinh a1) = ~ - 


2 2° 
an (| 


Solution Since sinh at = +e" — te-“', we obtain 


I 1 1 a 


L(sinh at) = + L(e") — 4 Le) = i 


2s-a 2st+a S-a@ 


The technique of integration by parts is also helpful in finding new Laplace 
transforms. 
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EXAMPLE 11.10 Show that #17) = <. 


Solution Using integration by parts we obtain 


R 
L(t) = lim te-” dt 
Rostu JO 
; —t } =R 
= lim |—e"’-—se™" 
Rain S ad 1=0 
—R ] 
= lim |—e-* —~ =e *®] +04 — 
Rater Ss se ~ 


For values of s in the right half plane Re(s) > 0, an argument similar to that 
in Example 11.8 shows that the limit approaches zero, and the result is established. 


EXAMPLE 11.11 show that £(cos 61) = s——5. 


Solution A direct approach using the definition is tedious. Let us assume 
that the complex constants +/b are permitted and hence following the Laplace trans- 
forms exist: 


and ¥(e-) = 


(et) = . 
= eg eee 


Using the linearity of the Laplace transform we obtain 


L(cos bt) = + Le) + + Le-) 
1 ] I ] Ss 
2s — ib 


2st+ib S+R 


Inverting the Laplace transform is usually accomplished with the aid of a table 
of known Laplace transforms and the technique of partial fraction expansion. 


EXAMPLE 11.12. Find g(¥=8) 
so+9 


Solution Using linearity and lines 6 and 7 of Table 11.2, we obtain 


35 + 6 s 3 
fo) = 3°! + 24°! 
(3 + ‘) a (= + ;) F (= + 5) 


= 3 cos 3¢ + 2 sin 31. 
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Table 11.2 gives the Laplace transforms of some well-known functions, and 
Table 11.3 highlights some important properties of Laplace transforms. 


TABLE 11.2 Table of Laplace Transforms 


Line f@ F(s) = [ f®e- dt 
I 
| 1 - 
Ss 
n! 
2 rad , 
git 
‘ eo 
3 Ut) unit step —7 
RY 
] 
4 et 
s-—a 
n! 
5 rea A 
(s oan ay't! 
s 
6 cos bt a a 
s+ be 
b 
7 sin bt Se 
sin b re 
8 e'cos bt ee ee 
(s— ay + b 
b 
9 e“sin bt ee es ae 
(s — ay + Bb 
2_ p2 
10 t cos bt ——- 
(s° + b?)° 
2b. 
11 t sin bt —_ 
(s? + b?)? 
12 cosh at = . = 
sa 
13 sinh at c 
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TABLE 11.3 Properties of the Laplace Transform 
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Definition 
Derivatives of f(t) 


Integral of f(t) 
Multiplication by t 
Division by ¢ 


Shifting on the s axis 
Shifting on the f axis 
Convolution 


L£(f()) = Fs) 
L(f'(t)) = sF(s) — f(0) 
LF") = S°F(s) — sf(0) ~ f'(0) 


£ [. f(t) ar) = ae 
L(tf()) = —F'(s) 


f(t) _ oe 
s( ; -|{ F(o) do 


Left) = F(s — a) 
LU AD f(t — a)) = e“F(s) for a > 0 
L(A(1)) = F(s)G(s) 


At) = [10 — 7)g(t) dt 


EXERCISES FOR SECTION 11.5 


1. 


2. 


3. 


; 1 
Show that £(1) = — by using the integral definition for the Laplace transform. Assume 
5 


that s is restricted to values satisfying Re(s) > 0. 


_ fl forl<r<2, 

Let U(t) = f otherwise, 
t forOst<c, 

Let U(t) = 1p otherwise, 


find £( f(t). 


find £( f(1)). 


; 2 
4. Show that L(t?) = — by using the integra) definition for the Laplace transform. Assume 
§ 


5. 


6. 


that s is restricted to values satisfying Re(s) > 0. 


_ je" forOst<], 
Le Ugy = {0 otherwise, 

_ fsin(t) forO sft <x, 
BelG tn ‘ otherwise, 


find £¢ f(t)). 


find £¢ f(t)). 


For exercises 7-12 use the linearity of Laplace transform and Table 11.2. 


7. 
9. 


Find £$3r — 41 + 5), 
Find ¥(e-'-3). 


11. Find £4 + 19), 


For exercises 13-18 use the linearity of the inverse Laplace transform and Table 11,3. 


Pass sa ; 
so + 25 


13 


15. 


17. 


19. 


Find £ ae vie =) 


st 


Find £- (4). 
- 4 


8. Find £(2 cos 41). 
10. Find £(6e-' + 3 sin Sf). 
12. Find £icosh 21). 


6 
14. Find £- (¢ a S\ 


+ 
16. Find £- (222), 
+9 


25 +) 
18. Find ¢-( ) 


s(s + 1) 


Write a report on how complex analysis is used in the study of Laplace transforms. 
Include ideas and examples that are not mentioned in the text. Resources include bib- 


liographical items 17, 40, 69, 


129, 149, 159, and 186. 
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11.6 Laplace Transforms of Derivatives and Integrals 


Theorem 11.13 (Differentiation of 7(f)) Let f(t) and f'(1) be continuous 
for t = 0, and of exponential order. Then, 


QQ) £CFD) = sF(s) — f(0). 
where F(s) = £(f(t)). 


Proof Let K be chosen large enough so that both f(t) and f’(t) are of ex- 
ponential order K. If Re(s) > K, then £(f’(d)) is given by 


(2) £0f'()) = [ fe dt. 
Using integration by parts, we write equation (2) as 
rR ee 
(3) F(f'()) = lim [f(per"] | +s [ fe” dt. 
Rosie t=0 


Since f(t) is of exponential order K, and Re(s) > K, we have lim f(R)e~* = 0, 
R 


tos 


hence equation (3) becomes 


(4) LCF") = FO) + s 1 fe” dt = sF(s) — fO), 


and the theorem is proven. 


Corollary 11.1 /f fit), f'(f), and f"(t) are of exponential order, then 
(5) Lf") = s°F(s) — sf(O) — f'(0). 


EXAMPLE 11.13 Show that ¥(cos?s) = pane : 
s(s- + 4) 


Solution Let (1) = cos’, then (0) = 1 and f'(f) = —2 sin tcos 1 = ~sin 2¢. 


9 
Using the fact that £(--sin 214) = auca . Theorem 11.13 implies that 
s 


ree = £(f'()) = sL(cos*t) — 1, 


—2 1 sot2 


from which it follows that £(cos*t) = —~-——_ + - = —~——-.. 
sisi +4) gs s(s° + 4) 
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Theorem 11.14 (Integration of 4(¢)) Ler f(t) be continuous for t = 0, 
and of exponential order and let F(s) be its Laplace transform, then 


(6) (| f(t) ar) = aol 


f 
Proof Let g(r) = ik H(t) dt, then g'(r) = f(t) and g(0) = 0. If we can show 


that g is of exponential order, then Theorem 11.13 implies that 


Lf) = £(g9'(1)) = s£( g(t) — 0 = oA {fe in), 


and the proof will be complete. Since f(r) is of exponential order, we can find 
positive values M and K, so that 


: as M . ‘ 
| g(t) | < [4m ar M | ek de = Men — 1) < ef, 


so that g is of exponential order and the proof is complete. 


EXAMPLE 11.14 show that £(2) = 7 aid Fa5 = <. 


; 2 
Solution Using Theorem 11.14 and the fact that £(21) = — we obtain 
s- 


2 
eo a 


£(P) = +(| 2T in) = 1 gan a i 
0 S AY 


RY 


2 
Now we can use the first result £(77) = ~; to establish the second one: 
s 


Lp) = a [ 37° in) = «= £32) = 


One of the main uses of the Laplace transform is its role in the solution of 
differential equations. The utility of the Laplace transform lies in the fact that the 
transform of the derivative f’(t) corresponds to multiplication of the transform F(s) 
by s and then the subtraction of f(0). This permits us to replace the calculus operation 
of differentiation with simple algebraic operations on transforms. 

This idea is used to develop a method for solving linear differential equations 
with constant coefficients. Consider the initial value problem 


(7) y(t) + ay'(t) + by(t) = fn. 
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with initial conditions y(0) = yp and y'(0) = dp. The linearity property of the Laplace 
transform can be used to obtain the equation 


(8) Lv") + a¥(y'(D) + LOD) = Lf). 
Let ¥(s) = £(y(t)) and F(s) = £( f(1) and apply Theorem 11.13 and Corollary 11.1 


in the form £(y'(t)) = s¥(s) — y(O) and £(y"(1) = s*¥(s) ~— sy(O) — v'(0) we can 
rewrite equation (8) in the form 


(9) s*¥(s) + as¥(s) + bY(s) = F(s) + sy(O) + y'(O) + ay(0). 
The Laplace transform Y(s) of the solution y(t) is easily found to be 


F(s) + sy(0) + y’(O) + ay(O) 


> SASS stas+b 


For many physical problems involving mechanical systems and electric cir- 
cuits, the transform F(s) is known, and the inverse of Y(s) can easily be computed. 
This process is referred to as the operational calculus and has the advantage of 
changing problems in differential equations into problems in algebra. Then the so- 
lution obtained will satisfy the specific initial conditions. 


EXAMPLE 11.15 Solve the initial value problem 
y(t) + ¥(f) = 0 with y(0) = 2 and y'(0) = 3. 


Solution Since the right-hand side of the differential equation is f(t) = 0 
we have F(s) = 0. The initial conditions yield £(y"()) = s*¥(s) — 2s — 3 and 
2s + 3 

~ and 
sot | 


equation (9) becomes s?¥(s) + Y(s) = 2s + 3. Solving we get Y(s) = 


the solution y(t) is assisted by using Table 11.2 and the computation 


25 +3 1 
yw) = £2 ( 2 = 2¢-!("— ] + 3¥-!(- =2cost + 3sint 
se + ] s+] sot] 


EXAMPLE 11.16 Solve the initial value problem 
y'(t) + y(t) — 2y(t) = 0 with yO) = 1 and y'(0) = 4. 


Solution In the spirit of Example 11.15, we use the initial conditions and 
equation (10) becomes 


ee ee ee s+ 5 
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; ; . 2 
Using partial fraction expansion ¥(s) = ——- — 
s-1 s+2 


y(t) = F-(¥(s)) = 2t-(—) - 1 = 2e' — e-”, 


s-— 1 s+2 


and the solution y(f) is 


EXERCISES FOR SECTION 11.6 


1. Derive ¥(sin t) from £(cos 1). 
2. Derive £(cosh 1) from L(sinh 1). 
3. Find ¥(sin2n). 


4. Show that £(te) = Hint: Lew f(t) = te’ and f'(t) = te’ + e'. 


l 
(s — 10 


Find 5-1( : } 6. Find £! eect ; 
s(s — 4) s(s? + 4) 


: ] 
7. Show that £-'{| ———— = +-1ls+e%. 
se(s + J) 


Mm 


. 1 
8. Show that £-'| ———— } =ft-sint. 
s(se + J), 


For exercises 9-18, solve the initial value problem. 


9, y"(r) + 9v(7) = 0, with y(0) = 2 and y'(0) = 9 
10. v(t) + y() = 1, with ¥(0) = 0 and ¥‘(0) = 2 
1. y'() + 44(4) = —8, with yO) = O and v'(0) = 2 
12. y'(f) + yt) = 1, with (0) = 2 
13. y'() — v(t) = —2, with (0) = 3 
14, y"() — 4v(1) = 0, with ¥(0) = | and y’(0) = 2 
15. y"(t) — y(t) = 1, with y(O) = O and y’(0) = 2 
16. y'(f) + 2y(1) = 3e', with 0) = 2 
17. y"(t) + y'() — 2¥(t) = 0, with y(0) = 2 and ¥’(0) = —-1 
18. y"(t) — y’G) — 2y(t) = 0, with ¥(0) = 2 and v’(0) = 1 


11.7 Shifting Theorems and the Step Function 


We have seen how the Laplace transform can be used to solve linear differential 
equations. Familiar functions that arise in solutions to differential equations are 
ecos bt and esin bt. The first shifting theorem will show how their transforms are 
related to those of cos bt and sin bt by shifting the variable s in F(s). A companion 
result, called the second shifting theorem, will show how the transform of f(t — a) 
can be obtained by multiplying F(s) by e~“*. Loosely speaking, these results show 
that multiplication of f(t) by e corresponds to shifting F(s — a), and shifting 
f(t — a) corresponds to multiplication of the transform F(s) by e*’. 
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Theorem 11.15 (Shifting the Variable s) /f F(s) is the Laplace trans- 
form of f(t), then 


(1) Lle"f()) = Fls — a). 


Proof Using the integral definition £( f(1)) = F(s) = [ f(de-” dt, we see 


(2) Lef(p) = |, e"F(pe! dt = [pee dt = F(s — a). 


Definition 11.3 (Unit Step Function) Let a = 0. then the unit step func- 
tion U (ft) is 


0 fort<a, 


@) Ua ce 


The graph of U,(t) is shown in Figure 11.22. 


y 


| y= uw 


i] 


t 
a 


FIGURE 11.22 The graph of the unit step function y = U,() in Definition 11.3. 


Theorem 11.16 (Shifting the Variable ¢) Jf F(s) is the Laplace trans- 
form of f(t) and a = 0, then 


(4) LOU ANS (t — a)) = e-’F(s), 
where f(t) and U,(t)(t — a) are illustrated in Figure 11.23. 


Proof Using the definition of Laplace transform, we write 
(5) e “F(s) =e [ frye" dt = i finer? dt. 
Using the change of variable tf = a + 7 and dt = dz, we obtain 


(6) e “F(s) = [ f(t — aje~™ dt. 
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Since U,()f(t — a) = 0 for? <a, and U,(Nf(t — a) = f(t — a) for t > a, we can 
write equation (6) as 


(7) e-“F(s) = i UADFU — ae" dt = LU, (f(t — a)), 
and the proof is complete. 


¥ y 


y= U,(t)fit-a) 


FIGURE 11.23 Comparison of the functions f(r) and U,() f(t ~— «) in Theorem 
11.16. 


EXAMPLE 11.17 Show that £("e") = —™! 


(s ms ay") : 


' 
Solution Let f(t) = 2", then F(s) = £(1") =~. Applying Theorem 11.15, 
ght 


we obtain the desired result: 


n! 


L(re) = F(s — a) = Goer . 


EXAMPLE 11.18 Show that £(U.)) = — 


‘ 1 
Solution Set f() = 1, then F(s) = £(1) = ~. Now apply Theorem 11.16 
5 
and get 


es 


LUD) = LUOLO) = LUMA) =e £0) = Nee 


EXAMPLE 11.19 Find £(/(s) if f(#) is given in Figure 11.24. 
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-] 1 2 3 4 5 6 


FIGURE 11.24 The function y = f(t) of Example 11.19. 


Solution We can represent f(r) in terms of step functions 
fo = 1- Ut) + Ort) — Us(t) + Ustt) — Us(t). 


Using the result of Example 11.18 and linearity, we obtain 
' 1 e es e7> eo’ eos 
L(f()) = = — — + — -— + 
s Ss s s Ss k) 


EXAMPLE 11.20 Use Laplace transforms to solve the initial value problem 
y(t) + yt) = UA) swith (WO) = 0 and y'(0) = 0. 


Solution As usual, let ¥(s) denote the Laplace transform of y(t). Then we 
get 


HS 


5 e 
s*¥(s) + Y(s) = 


Solving for Y(s), we obtain 


| 
We now use Theorem 11.16 and the facts that — and : | are the transforms of 1 
S 


s* 
and cos ft, respectively. The solution y(t) is computed as follows: 


y() = (=) = -( ae = U,(t) — U,(t)cos(t — 7), 


st +] 
which can be written in the more familiar form: 


(ye fort < 7, 
¥ ]—cost fort>1. 


11.7 Shifting Theorems and the Step Function 


EXERCISES FOR SECTION 11.7 


1. Find 4(e' ~ te’). 2. Find £(e~"sin 32). 
3. Show that £(ecos bt) = oe 
. b 
4. hat f(esin bt) = ——————. 
Show that ¥(e'sin bt) Goa te 
For exercises 5-8, find & '(F(s)), 
st+2 
5. Fs) = ——— . Ks) = ————_ 
ts) st4s+5 ete) so — 25 +5 
s+3 2s +10 
7. Fs) = ——— . Fs) = = 
Go Be BOY OT 5 2 O5 
For exercises 9-14, find £¢ f(t)). 
9, fit) = Unt — 2 10. f() = Une!” 
TL. Fit) = U3,(t) sin(t ~— 37) 12. nits) = 2U(f) -— U>(t) — U;{t) 


13. Let f(t) be given in Figure 11.25, 


FIGURE 11.25 The graph y = f(t) for Exercise 13. 


14. Let f(t) be given in Figure 11.26. 
Hint: The function is the integral of the one in Exercise 13. 


y 


-1 1 2 3 4 5 


FIGURE 11.26 The graph y = f(s) for Exercise 14. 


“sop —2s : l-—e Ot —2, 
15. Find e(ete), 16. Find p(t) 
RY 


437 
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For exercises 17-23, solve the initial value problem. 

17. y(t) + 2y'() + 2y(t) = 0, with y(O) = —1 and y’(0) = 1 

18. y'() + 4y'() + 5y(1) = 0, with (0) = 1 and y’(0) = —2 

19. 2y"() + 2v'() + y(t) = 0. with »(0) = 0 and v(0) = 1 

20. y(t) — 2y'(t) + yi) = 2e', with y(O0) = 0 and y’(0) = 0 

21. yv'() + 2y'(t) + y() = 6te7', with y(0) = 0 and ¥'(0) = 0 

22. yf) + 2y'(t) + yi) = 2U,\(De'~, with y(O) = 0 and y’(0) = 0 
23. y'(t) + v(t) = U,,2(t), with y(0) = 0 and y'(0) = 1 


11.8 Multiplication and Division by 7 


Sometimes the solutions to nonhomogeneous linear differential equations with con- 
stant coefficients involve the functions f cos bf, t sin bt, or fe as part of the solution. 
We now show how the Laplace transforms of tf(t) and f(1)/t are related to the Laplace 
transform of f(1). The transform of tf(7) will be obtained via differentiation and the 
transform of f(t)/t will be obtained via integration. To be precise, we state the fol- 
lowing theorems. 


Theorem 11.17 (Multiplication by ¢) /f F(s) is the Laplace transform of 
Jit), then 


(1) LUf(p)) = —F'(s). 


oe 


Proof By definition we have F(s) = [ f(t)e~" dt. Leibniz’s rule for partial 


differentiation under the integral sign permits us to write 


Il 


Q ° —st = cs SM 
2 | hve dt [2 [f(ne-"] dt 


0 


(2) F's) 


{ [-tf(e~"| dt = -[" {tf(He-") dt 
—L£(tf(d)), 


and the result is established. 


Theorem 11.18 (Division by ¢) Let both f(t) and f(tit have Laplace 
transforms and let F(s) denote the transform of f(t). If lim f(t)/t exists, then 
70° 


(3) (22) = i: " F(@) do. 


Proof Since F(c) = [rie ~* dt, we integrate F() from s to ce and obtain 


(4) i ” F(6) do = [ . | [  flpen” a| do. 
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The order of integration in equation (4) can be reversed, and we obtain 


(5) i F(a) do = i: | [7 Roe éo| dt 
a [ |= a a 
0 t o=s 
-[4 WO #22) 


and the proof is complete. 


so — bb 


EXAMPLE 11.21 Show that £(t cos bt) = ————. 
(s? + by? 


Solution Let f(‘) = cos br, then F(s) = £(cos bt) = 


s 
5 ;. Hence, we 
so+ b 


can differentiate F(s) to obtain the desired result 
so t+ B — 2s? sb 


L(t cos bt) = —F'(s) = =e Pe ips 


EXAMPLE 11.22. Show that se #24) - arctan ~ 


. : 1 sin t 
Solution Let f(#) = sin t and F(s) = aa" Since lim go = 1, we can 
S =0' 


integrate F(s) to obtain the desired result: 


i - dd 1 
£ ane - | ake = —arctan — 
t , o- +] fo 


Some types of differential equations involve the terms ty'(t) or ty"(t). Laplace 
transforms can be used to find the solution if we use the additional substitutions 


(6) L(ty’(N) = —sY'(s) — Y(s), and 
(7) Lity"(N) = —s?¥"(s) — 2sY¥(s) + y(O). 


EXAMPLE 11.23 Use Laplace transforms to solve the initial value problem 
(8) ty"(t) — ty’(t) — y(t) = 0 with »(0) = 0. 

Solution Let Y(s) denote the Laplace transform of y(t), then using the sub- 
stitutions (6) and (7) results in 


(9) —s*¥'(s) — 2s¥(s) + 0 + sY’(s) + Ys) — ¥(s) = 0. 
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Equation (9) itself can be written as a first-order linear differential equation: 
; 2 
(10) Y'(s) + PeeE Y(s) = 0. 
ee 


The differential equation (10) can be solved by using an integrating factor: 


2 
dl) p= exo( | 5 as) = exp[2 In(s — 1)} = (vy — 1). 
eo 
Multiplying equation (10) by p produces 


d 
(12) (s — 1)°¥"(s) + 2(5 — IY¥(s) = a3 [(s — 1)?¥(s)] = 0. 


Integrating equation (12) with respect to s results in (s — 1)°Y(s) = C, where C is 
the constant of integration. Hence the solution to equation (9) is 


Cc 
(13) Y(s) = (Te 


The inverse of the transform Y(s) in equation (13) is 


y(t) = Cte’. 


EXERCISES FOR SECTION 11.8 


Find the Laplace transform for Exercises 1-10. 


1. Find £(te-*). 2. Find L(re*). 
3. Find (7 sin 37). 4. Find £(2? cos 22). 
5. Find £(¢ sinh 1). 6. Find £2 cosh 2). 
: rs 
7. Show that +(<—) = in( : ) 
t s-—]1 


8. Show that ¢(4= 224) tg cle ) 
AY 


2+] 
9, Find £(t sin br). 10. Find £(te“ cos bt). 
24 
11, Find £-'(in{ —*1}}, 12, Find £-'{ Inf — 
(je s¥1 


For problems 13-21, solve the initial value problem. 


13. y"(t) + 2y¥'() + y(t) = 2e~', with y(O0) = 0 and y'(0) = 1 

14. y(t) + y() = 2 sin t, with y(0) = 0 and y'(0) = -1 

15. ty’() — ty’) — y(t) = 0, with y(0) = 0 

16. "(D+  — Dy’) — 2y(t) = 0, with y(0) = 0 

17. ty"(f) + ty'(D) — y@) = 0, with yO) = 0 

18. ty"() + ( — IDy'(D + y) = 0, with y(0) = 0 

19. Solve the Laguerre equation fy"(t) + (1 — Ny’() + y(t) = 0, with (0) = 1. 
20. Solve the Laguerre equation ty’(t) + (1 — ny'(f) + 2¥(t) = 0, with y(O) = 1. 
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11.9 Inverting the Laplace Transform 


So far, most of the applications involving the Laplace transform involve a transform 
(or part of a transform) that is expressed by 

P(s) 
(1) Ys) = >— 

Os)’ 
where P and Q are polynomials that have no common factors. The inverse of Y(s) 
is found by using its partial fraction representation and referring to Table 11.2. We 
now show how the theory of complex variables can be used to systematically find 
the partial fraction representation. The first result is an extension of Lemma 8.1 to 
n linear factors. The proof is left for the reader. 


Theorem 11.19 (Nonrepeated Linear Factors) Let P(s) be a polyno- 
mial of degree at most n — |. lf Q(s) has degree n, and has distinct complex 


roots a, a2... . » Ay, then equation (1) has the representation 
P(s “. Res[Y, a 
Oo: 1S —— ee ee 
(s-—a(s —a)---(s-a,) Ki s- ay 


Theorem 11.20 (A Repeated Linear Factor) /f P(s) and Q(s) are poly- 
nomials of degree wt and v, respectively, and p< v + n and Q(a) ¥ 0, then 
equation (1) has the representation 
P(s) OAK 

3) ¥(s) = ————_ = 0 — TH Rs 

ya (sy — ay'Q(s) 2 (s — af ws 
where R is the sum of all partial fractions that do not involve factors of the 
form (s ~ a)/. Furthermore, the coefficients A, can be computed with the 
formula 


I d'-* P 
(4) Ap = tim 


k= 
Getter om. Oh Dene aa 


Proof We employ the method of residues. First, multiplying both sides of 
equation (3) by (s — a)” gives 

P(s) a 
5) —= Aj(s ~ ay"! + R(s)\(s — a)". 

O(s) > 
We can differentiate both sides of equation (5) n — k times to obtain 


fe ARTE - ee 
Aj =a + 
(6 ds"- Acnek O(s) =e J (k “<a gp" ay ds n-k 


~ [R(s)(s — a"). 
We now use the result in equation (6) and take the limit as s — a. It is left as an 
exercise for the reader to fill in the steps to obtain 


Bs dv-* P(s) 
a ds”-* O(s) 


which establishes equation (4). 


=(n—- WIA, 
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EXAMPLE 11.24 Let ¥(s) = Sa “Find £-((8). 


Solution From equations (2) and (3) we can write 


s~—4s4] A; A2 A Bi 
—_—_— = + . +=, 
s(s — 1)3 (s- 1% (s-1% s-) K) 


The coefficient B, is found by the calculation 


3— 45+ 1 
BS Resi), 0 lin 
x70) (s — 1) 


The coefficients A,, A2, and A; are found by using Theorem 11.20. In this case, 


P 3 — ds +] 
a = 1 and —— wo = 7 and we get 


Os) 8 


3 
heli cig a ey 
a OS) oes F 


P 
Ay =~ lim is a) = lim ao ee 
1! ss ds QO(s) so] s 


Ld? PS) ty, 2 
A, == lim Sin (eee Ss 
1 OT or ds? O(s) sim ( 2) 


Hence, the partial fraction representation is 


1 2 ] 


eS 
EO es ed oe 


and the inverse is 


y(t) = —Pel t+ te’ + 2e' — 1. 


Theorem 11.21 (Irreducible Quadratic Factors) Let P and Q be poly- 
nomials with real coefficients such that the degree of P is at most 1 larger 
than the degree of Q. If T does not have a factor of the form (s — a)? + b’, 


then 
= P(s) _ P(s) _ 2A(s ~ a) — 2Bb 
UE ISS OG) (C= are eiiGr iecataey, oo 
| _, . Pla + ib) 
(8) A+ iB= O's ib) + iby’ 


Proof Since P, Q, and Q’ have real coefficients, it follows that 
(9) P(a— ib) = Pla+ib) and Q'(a— ib) = Ola + ib). 
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The polynomial Q has simple zeros at s = a + ib, this implies that Q’(a + ib) ¥ 0. 
Therefore, we obtain 
s—(ati Plati 
G0; Ralvet = ja Oe 
ssasih O(S) — Q(a + ib) Q'(a + ib) 
from which it is easy to see that 
(1) Res[Y, a — ib] = Res[Y, a — ib]. 


If we set A + iB = Res[Y, a + ib] and use Theorem 11.19 and equations (8), (10), 
and (11), then we find that 
(2) YG) = A + iB se A — iB + RG) 
“ Oe s-a—ib s—at ib \s). 
The first two terms on the right side of equation (12) can be combined to obtain 
(A + iB\s — a + ib) + (A — iBYXs — a — ib) _ 2A(s ~ a) — 2Bb 


[(s — a? + B’ [(s - a? + B?] ° 


and the proof of the theorem is complete. 


Ss : : 
EXAMPLE 11.25 Let Ys) = @+ ae 49 . Find £-!(¥(s)). 


Solution Here we have P(s) = Ss and Q(s) = s+ + 13s? + 36, and the roots 
of Q(s) occur at 0 + 27 and 0 + 31. Computing the residues we find that 


| Pi) 5(2i) : 
‘ 21] = —— = =F 
Res[Y, 27] O'(2i)  4(2i1)8 — 26(27) 2” os 
PGi) 213) = 


] ] 
We find that A, + iB, = 3 + Of and A2 + iB = a + Oi, which correspond 


toa, + ib; = 0 + 2i and az + tb, = 0 + 3i, respectively. Thus we obtain 


Vis) = 2BE =O = 2002 | A-3Ns— 0) — 20/3 _— ss 
(s) = est+4 s+9 ~s+4+4 s24+9° 


and 


-1 — 9-! s — y-l : = —~c 
£-'"(¥(s) = £ (=) £ (=) cos 2r — cos 31. 
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s+ 3s? -—st] 


EXAMPLE 11.26 Find £°'(¥(s)) if Y(s) = Ger 


Solution The partial fraction expression for Y(s) has the form 


C\ C> 2A(s — 0) — 2B(1) 
+ 4+ 2S 
s+1 (s+ 1) (s — 0) + 


D 

Y(s) = —+ 
AY 

Since the linear factor s is nonrepeated, we have 
s+ 357-5 + | 

D = Res[Y(s), 0 im~—siwedp. 
[FG) Oh = soo (s + 1)°(s? + 1) 


Since the factor s + | is repeated, we have 


C, = Res[Ys), -1] = li ds +3s°-st 1 _  —3Bst + 453 - | 
= -lj= + im ————-———_- = 
amas wids ss? 4+ 1) sl we + TP 

. 8 +3r—st+] 
C2 = Res[(s + I ¥(s), —1] = lim ——~——— = -2, 

ve] s(s* + 1) 


The term s* + 1 is an irreducible quadratic, with roots +, so that 


ee eet ee ee Ged | 
A + iB = Res[Y. i] = lim ——_—_———. = ——, 


yor S(s + 1)°(s + i) 2 
and we obtain A = + and B = —+. Therefore, 
—2 =2 24(s — 0) — 2(-4)1) 
Vs) = —- be ee {oe Se eee 
2 a rn ETS (s-O0r +2 
i ee ey ee ee +1 


s st] (st (s + 1% set 
Now we use Table 11.2 to get 


y(t) = 1 — 2e7' — 2te-' + cost + sint. 


EXAMPLE 11.27 Use Laplace transforms to solve the system 

y(t) = w(t) — x() with) =y(0) = 

x(t) = S5y(t) — 3x(1) x(0) = 2. 

Solution Let Y(s) and X(s) denote the Laplace transforms of y(t) and x(1), 
respectively. If we take the transforms of the two differential equations and get 


sY(s) — 1 = ¥(s) — X(s), 
sX(s) — 2 = 5Y(s) — 3X(s), 


lI 


which can be written as 


(s — 1)¥(s) + X(s) = 1, 
S5Y(s) — (s + 3)X(s) = — 
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Cramer's rule can be used to solve for Y(s) and X(s): 


] | 


pe eee ne =e te s+] 
s— 1 1 | ee ee ee ee 
> -s-—3 
s-— | 5 
5 72 —2s+2- 2(s+ 1) + 
X(s) = = z 5. _ Gs ) 1 
lees \ | (s- I(-s-3)-5) (G+ 1IP +1 
5 -s-—3 


The solution is obtained by computing the inverse transforms: 


y(t) = e~'cos t, 
x(t) = e-(2 cost + sin f). 


According to equation (10) of Section 11.5, the inverse Laplace transform is 
given by the integral formula 


61) + foo 
(13) f(t) = £-MF(s)) = an F(s)e" ds, 

2M J gy - ire 
where Oy is any suitably chosen large positive constant. This improper integral is a 
contour integral taken along the vertical line s = Oy + it in the complex s = 
o + iz plane. We shall show how the residue theory in Chapter 8 is used to evaluate 
it. Cases where the integrand has either infinitely many poles or has branch points 
is left for the reader to research in advanced texts. We state the following more 
elementary result. 


Theorem 11.22 (inverse Laplace Transform) Let F(s) = where 


P(s) 
Qs) 
P(s) and Q(s) are polynomials of degree m and n, respectively, and n > m. 
The inverse Laplace transformation F(s) is f(t) given by 


(14) f(t) = £7 '(F(s)) = & Res[F(s)e", si], 


where the sum is taken over all of the residues of the complex function F(s)e". 


Proof Let 6p be chosen so that all the poles of F(s)e lie to the left of the 
vertical line s = O + it. Let Tg denote the contour consisting of the vertical line 
segment between the points Oo + iR and the left semicircle Cr: 5 = Oy + Re’*, where 
1 


3n 
ae 8< 3° as shown in Figure 11.27. A slight modification of the proof of Jor- 


dan’s lemma will show that 


sai POY ges! 
(15) lim es as ds = 0. 
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The residue theorem and equation (15) can now be used to show that 
I P(s 
L-'(F(s)) = lim — iO) et ds = 2 Res[F(s)e". 5], 
Row 2M JTR Os) 


and the proof of the theorem is complete. 


OR 


FIGURE 11.27 The contour Ix in the proof of Theorem 11.22. 


Theorem 11.23 (Heaviside Expansion Theorem) Let P(s) and Q(s) be 
polynomials of degree m and n, respectively, where n > m. If Q(s) has n 


wr : P(s) 
distinct simple zeros at the points s\, 82,... . , Sn, then 06) is the Laplace 
s 
transform of the function fit) given by 


Fo) § P(s;) 
Qs) 1 QO" (sx) 


eu 


(16) pe) = £>( 


Proof If P(s) and Q(s) are polynomials and sp is a simple zero of Q(s), then 


P(s) . ; 5 — So _ . Pls) 
Res} —— e”, 59 | = lim —————- P(s)e” = —— ew, 
Os) soy OCs) — Q(Sq) O'(s0) 
This allows us to write the residues in equation (14) in the more convenient form 
given in equation (16). 


EXAMPLE 11.28 Find the inverse Laplace transform of the function given 
4s + 3 


by F(s) = ———-—.. 
ya) S428 +54+2 
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Solution Here we have P(s) = 4s + 3 and Q(s) = (s + 2)(s? + 1) so that 
Q has simple zeros located at the points s,; = —2, s, = i, and s; = ~i. Using 
P(—2) —-84+3 


nee eee ee 
OG B= ssi an 


QO'(s) = 3s? + 4s + 1, calculation reveals that 


1 

= ———— = - + i. Applying formula (16), we see that f(r) is given by 

O'(—2) Ow) e(-/) 
= —-e* + (4 - Det + (f+ Dew* 
if —if oo g-tt 
e’ +e 49 e e 

2 2i 

= -e" + cost + 2 sint. 


= -—e + 


EXERCISES FOR SECTION 11.9 


For exercises 1-6, use partial fractions to find the inverse Laplace transform of Y(s). 


ca Re a AS cg 
1. Ys) = 2s } 2. Y(s) = 2s* — s* + 4s — 6 
s(x — 1) st 
4s? — 6s — 12 si — 552 + 65 — 6 
3. Ys) = Ms + 2s — D 4. Y(s) = (= 2)! 
22 +543 4-35 
5, = 6 Ys) = = 
us) (s + 2s — 1)? ‘s) e+4s+5 


1 
7. Use a contour integral to find the inverse Laplace transform of ¥(s) = ead 
fe) 


s+ 3 


8. Use a contour integral to find the inverse Laplace transform of ¥(s) = ————~——~ 
(s — 2)(s° + 1) 


For exercises 9-12, use the heaviside expansion theorem to find the inverse Laplace 
transform of Y(s). 


5+ 2-543 3+ 22-542 

9, Ys) = 10. ¥(s) = = 
so S So S 

s+32—-s54] 3424+ 543 

11. ¥(s) = ————— 12, Ys) = ————= 
S25 ss 


s+ 2s° + 45 +2 


13. Find the inverse of Y(s) = ices 


For problems 14—19, solve the initial value problem. 


14. v'(t) + y(t) = 3 sin 22, with y(0) = 0 and y’(0) = 3 

15. y"(t) + 2y'(t) + Sy(t) = 4e~, with (0) = | and y'(0) = 1 
16. y"(f) + 2y'(f) + 2y(t) = 2, with y(O) = 1 and y’(0) = 1 

17. y(t) + 4y() = 5e-', with y(0) = 2 and y'(0) = 1 

18. y"(t) + 2y'(t) + y) = 4, with ¥(0) = —1 and y’(0) = 0 

19, y(t) + 3y'(2) + 2y(t) = 2¢ + 5, with y(O) = | and y'(0) = | 
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For problems 20-25, solve the system of differential equations. 

20. x'() = 10y(t) — 5x9, y'() = vO) — xt), with x(0) = 3 and y(0) = 1 
21. x’() = 2y¥() — 3x0, v(t) = 2y(r) — 2a(F), with x(0) = 1 and y(O) = —1 
22. x(t) = 2x(t) + 3y(D, y(t) = 2x(t) + y(t), with x(0) = 2 and ¥(0) = 3 
23. x'(t) = 4y(t) — 3x(1), y(t) = y(t) — x(0), with x(0) = —1 and (0) = 0 
24. x'(1) = 4y() -— Bx) + 5, '() = WD — x(F) + 1, with x(0) = 0 and (0) 
25. x'(0 = By) — 3x(t) + 2, yD = yo) — att) — 1, with 4(0) = 4 and ¥(0) 


11.10 Convolution 


Let F(s) and G(s) denote the transforms of f(t) and 9(f), respectively. Then the 
inverse of the product F(s)G(s) is given by the function h(t) = (f * g)(t) and is 
called the convolution of f(t) and g(t) and can be regarded as a generalized product 
of f(t) and g(t). Convolution will assist us in solving integral equations. 


Theorem 11.24 (Convolution Theorem) Let F(s) and G(s) denote the 
Laplace transforms of f(t) and g(t), respectively. Then the product given by 
A(s) = F(s)G(s) is the Laplace transformation of the convolution of f and g 
and is denoted by h(t) = (f * g)(t), and has the integral representation 


GQ AOD = (f* DO = [pervect — 7) dt, or 
(2) h®) =(g*/)M = [ene — Tt) dt. 


Proof The following proof is given for the special case when s is a real 
number. The general case is covered in advanced texts. Using the dummy variables 
o and 7 and the integrals defining the transforms, we can express their product as 


(3) F(s)G(s) = | Hore ao |, a(ne™ ar 


The product of integrals in equation (3) can be written as an iterated integral: 
(4) F(s)G(s) = [ i f(aye s+?) ioe dt. 


Hold + fixed and use the change of variables t = o + 7 and dt = do, then the inside 
integral in equation (4) is rewritten to obtain 


(5) F(s)G(s) = { i | [ "ft = neo" argon dt 


0 


a if |x — t)g(t)e"" a| dt. 


The iterated integral in equation (5) is taken over the wedge-shaped region in the 
(t, 7) plane indicated in Figure 11.28. The order of integration can be reversed to 
yield: 


(6) F(s)G(s) = i i if fll — se(nyer™ | dt. 
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The last expression can be written as 
°° t 
(7) F(s)G(s) = [ ti f(t — t)g(t) are dt 


zs sf | f(t — 7)g(r) ar) 


which establishes the proof of equation (2). Since we can interchange the role of 
the functions f(t) and g(t), equation (1) follows immediately. 


FIGURE 11.28 The region of integration in the convolution theorem. 


TABLE 11.4 Properties of Convolution 


Commutative f*eg=orxf 

Distributive f(g th=fxgtfeh 
Associative (f* g)*h=f*(g*h) 
Zero fx0=0 


EXAMPLE 11.29 show that e( 4) sane 


(st IP 
Solution Let F(s) = ae G(s) = ue f(t) = sin t, g(t) = 2 cost 
ae a! s+ 1" e ; 


respectively. Applying the convolution theorem we get 


1 2s I 
#(5 Tiger ) = £-\(F(8)G(s)) = [ 2 sin(t — 1) cost dr 


t 
‘ [2 sin t cos?7 ~ 2 cos t sin t cos T] dt 


a= 
= sint (t + sin t cos t) — cos ¢ sin?+ 
tO 


t sin t + sin@t cos t — cos t sin?t = t sin t. 
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EXAMPLE 11.30 Use the convolution theorem to solve the integral equation 


f(t) = 2 cost — [ic — t)f(t) dr. 


J 
Solution Letting F(s) = LC f()) and using Li) = = ; in the convolution 


theorem we obtain 


2s 
se+ 1 


F(s) = ~_ + Fos) 


Solving for F(s) we get 


Fis) = 7 a 2s a 2s 
+1Y 841 (42"' 


and the solution is 


fi) = 2cost—tsint. 


Engineers and physicists sometimes consider forces that produce large effects 
that are applied over a very short time interval. The force acting at the time an 
earthquake starts is an example. This leads to the idea of a unit impulse function 
8(t). Consider the small positive constant a, then the function 6,(1) is defined by 


i} 
- forO<t<a, 


8 


(8) 8,0) = : 
0 otherwise. 

The unit impulse function is obtained by letting the interval in equation (8) go to 

Zero, 1.€., 

(9) 8) = lim 8,00. 

Figure 11,29 shows the graph of 6,(f) for a = 10, 40, and 100. Although 6(s) is 

called the Dirac delta function, it is not an ordinary function. To be precise it is a 

distribution, and the theory of distributions permits manipulations of 5(f) as though 

it were a function. For our work, we will treat 5(r) as a function and investigate its 

properties. 
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0.1 


FIGURE 11.29 Graphs of y = 8,(t) for a = 10, 40, and 100. 


EXAMPLE 11.31 Show that £(8(1)) = 1. 


Solution By definition, the Laplace transform of 6,(t) is 
1 — e- 


sa 


(10) L(8,(4) = [ b.(De~" dt = [ . edt = 


Letting a — 0 in equation (10), and using L’H6pital’s rule, we obtain 


(11) £6) = lim £6.) = lim Aiaak. aa lim SS 1 
a0 


a0 sa ao S§ 


We now turn our attention to the unit impulse function. First, consider the 
function f,(t) obtained by integrating 6,(f): 


0 fort< 0, 
t 
(12) f(t) = i 8.(7) dt = - teees a, 


1 fora<t. 


Q 


Then it is easy to see that Uo(t) = lim f,(t) (see Figure 11.30). 
a>0 
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a I ae | 2 


FIGURE 11.30 = The integral of 6,(2) is f,(), which becomes Up(t) when a > 0. 


The response of a system to the unit impulse function is illustrated in the next 
example. 


EXAMPLE 11.32 Solve the initial value problem 

y'(t) + 4v'() + 1390) = 38() with y(O) = 0 and y'(0-) = 0. 

Solution Taking transforms results in (s° + 4s + 13)¥(s) = 3£(8(1) = 3, 
so that 


3 3 


Ys) = ———. = ———_.. 
OS Pp 4g E18 GDP as 


and the solution is 


wn) = e7* sin 34. 


Remark = The condition y'(0~) = 0 is not satisfied by the ‘‘solution’’ y(t). Recall 
that all solutions using the Laplace transform are to be considered zero for values 
of t < 0. Hence the graph of y(t) is given in Figure 11.31. We see that y’(t) has a 
jump discontinuity of magnitude +3 at the origin. This happens because either y(t) 
or y’(f) must have a jump discontinuity at the origin whenever the Dirac delta func- 
tion occurs as part of the input or driving function. 


y 


FIGURE 11.31 The solution y = y(t) to Example 11.32. 
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The convolution method can be used to solve initial value problems. The 
tedious mechanical details of problem solving can be facilitated with computer soft- 
ware such as Maple™, Matlab™, or Mathematica™, 


Theorem 11.25 (IVP Convolution Method) The unique solution to the 
initial value problem 

(13) ay"(t) + by’() + cy) = g(f with y(O) = yp and v'(0) = y, 

is given by 

(14) y(t) = u(t) + (h * g)(2), 

where u(t) is the solution to the homogeneous equation 


(15) au"(t) + bu’) + cut) = 0 with 4(O) = yo and u'(O) = vy. 


and h(t) has the Laplace transform given by H(s) = —~————. 
as? + bs +e 


Proof The particular solution is found by solving the equation 
(16) av'"(t) + by'(2) + cv(t) = g(t) with v(0) = 0 and v’(0) = 0. 
Taking the Laplace transform of both sides of equation (16) produces 


(17) as*V(s) + bsV(s) + cV(s) = G(s). 


Solving for V(s) in equation (17) yields V(s) = G(s). If we set 


as? + bs +e 


H(s) = , then V(s) = H(s) G(s) and the particular solution is given by 


ayy tbs +e 
the convolution 
(18) v(t) = (A * g(t). 


The general solution is v(t) = u(t) + v(t) = u(t) + (A * g)(t). To verify that the 
initial conditions are met we compute 


y(O) = 4(0) + (0) = yy + O = yo, 
and 
y'(O) = uw'(0) + v'(0) = y, +O = yy, 


and the proof of the theorem is complete. 


EXAMPLE 11.33 Use the convolution method to solve the IVP 
y(t) + y(t) = tan ¢ with w(O) = | and v’(O0) = 2. 
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Solution — First solve u"(f) + u(t) = 0 with u(0) = 1 and u’(0) = 2. Taking 
the Laplace transform yields s*U(s) — s ~ 2 + U(s) = 0. Solving for U(s) gives 
s+2 


5 and it follows that 
sot] 


U(s) = 


u(t) = cost + 2 sint. 


1 
Second, observe that H(s) = = and A(f) = sin ¢t so that 
fe 


+1 


t 


vt) = (h* g\() = [ sin(f — s) tan(s) ds 


0) 
cos s ee sar 
= [cos(n in| | — sin(t — s)] es 
= cos(f) nf | + sin(t) 


Therefore, the solution is 


cos t 
y(t) = u(t) + v(t) = cost + 3 sin t + cos(t) In] ———— |]. 
1+ sint 


EXERCISES FOR SECTION 11.10 


For exercises 1-6, find the indicated convolution. 


1, t#«t 2. t*sint 
3, ef x ef 4. sin f * sin 21 


For exercises 5-8, use convolution to find £-'(F(s)). 


Ss cae ever 
5. F(s) = G—-De-2d . Fis) = = 
7. Fs) = —L— 8 F@ = 
s(x? + 1) (s? + 1)(s? + 4) 


9. Prove the distributive law for convolution: f * (g + h) =fxe+t fx g. 
10. Use the convolution theorem and mathematical induction to show that 


1 1 
Yo} = tur V pat 
(- = =) (n - 1)! 


11. Find ¢-'{ —*— }, 12. Find ¢-'(—*— }. 
s-l s+] 
13. Use the convolution theorem to solve the initial value problem: 


v() + vo) = 2 sine with y(0) = 0 and y'(0) = 0. 
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14. Use the convolution theorem to show that the solution to the initial value problem 
y(t) + w*y(t) = f(t), with yO) = 0 and y’(0) = 0 is 


y(t) = 1| f(t) sin[w(t — 1)] dr. 
@® JD 


t ft 
15. Find o( | e-"cos(t — 7) in) 16. Find s([ (t — 7)e" an) 
17. Let F(s) = £( f(t). Use convolution to show that 


t 
ra = [4 dt. 


For exercises 18-2], use the convolution theorem to solve the integral equation. 


t 


18. f(r) + 4 | (t — 7) f(t) dz = 2 19. fi) =e + | e7 f(t) dt 


0 
t 


20. f(t) = 20+ i sin(t — 7) f(t) dt 21. 6f(t) = 20 + [ (t — ty f(r) dt 


For exercises 22-25, solve the initial value problem. 


22. y"(t) — 2v'(t) + S(t) = 28(2), with y(0) = 0 and y’(0) = 0 

23. y"(t) + 2y'(t) + y(t) = 8(2), with y(O) = 0 and y’(0) = 0 

24. y'(t) + 4y'() + 3y() = 262), with y(O) = 0 and y'(0) = 0 

25. y"(t) + 4y'() + 3y9()) = 28(t — 1), with y(0) = 0 and y'(0) = 0 

For exercises 26-29, use the TVP convolution method to solve the initial value problem. 
26. y(t) — 2v'(t) + Sy() = 8 exp(—d with y(0) = 1 and y'(0) = 2, 

27. y (po 4 2yv'() + x) = ff with y(O) = 1 and y’(Q) = 2. 

28. y(t) + 4y'(f) + 3y(t) = 24f exp(—2) with y(O) = 1 and y’(0) = 2. 

29. y(t) + 4y’(t) + 3y() = 2t exp(—f with y(0) = 1 and y’(0) = 2. 


Appendix A 
Undergraduate Student 
Research Projects 


The following list of journal articles and books is appropriate for undergraduate students. 
For this reason, several advanced and graduate-level textbooks have been omitted. Journal 
references include those accessible to students, such as, American Mathematical Monthly, 
Mathematics and Computer Education, and Two Year College Mathematics Journal. 
Instructors should encourage their students regarding research in the mathematical 
literature. The following list of topics is a starting point for either independent or group 
research projects. 


Analytic continuation: 4, 19, 46, 51, 52, 93, 106, 128, 129, 141, 145, and 166 

Analytic function: 21, 39, 62, 72, 86, 155, and 161 

Bieberbach conjecture: 49, 73, 108, 148, and 189 

Bilinear transformation: 12, 23, 24, 30, 36, and 43 

Cauchy integral formula: 13, 59, 107, 110, 118, 119, and 187 

Cauchy-Riemann equations: 21, 39, 62, 72, 86, 155, and 161 

Chaos: 11, 53, 54, 55, 57, 58. 142, and 168 

Computer graphics: 33, 34, 109, and 146 

Computer technology: 25, 28, 33, 34, 41, 57, 90, 92, 109, 110, 111, 120, 123, 130, 131, 
133, 140, 146, 152, 160, 162, 174, and 185 

Conformal mapping: 33, 34, 35, 37, 41, 47, 48, 75, 92, 93, 96, 130, 136, 146, 154, 159, 
164, 176, 180, and 182 

Construction of a regular pentagon: 114 

Contour integral: 5, 16, 81, 82, and 157 

Curvature: 12 

DeMoivre’s formula: 103 

Dirichlet problem: 70, 71, 76, 77, 85, 98, 135, and 138 

Dynamical systems: 53, 54, 55, 58, and 143 

Euler’s formula: 169 

Fluid flow: 37, 46, 91, 98, 124. 141, 145, 158, and 166 

Fourier transform: 15, 17, 69, 100, 149, and 159 

Fractals: 7, 8, 9, 11, 55, 57, 58, 78, 84, 101, 125, 126, 134, 139, 143, 167, 175, and 188 

Fundamental theorem of algebra: 6, 18, 29, 38. 60, 66, 150, 151, 170, and 184 

Geometry: 8, 26, 35, 78, 99, 114, 121, 123, 125, and 160 

Harmonic function: 2, 14, 28. 61, 69, 70, 71, 76, 77, 85, 98, 111. 113, 131, 135, 138, 158, 
and 165 

History: 87, 105, and 179 

Infinite products: 4, 19, 51, 129, 145, and 181 

Joukowski transformation: 37, 46, 91, 98, 124, 141, 145, 158, and 166 

Julia set: 144 and 177 

Laplace transform: 17, 40, 69, 129, 149, 159, and 186 

Liouville’s theorem: 117 

Mandelbrot set: 31, 45, 56, 74, 125, 126, and 177 

Mobius transformation: 12, 23, 24, 30, 36, and 43 

Motrera’s theorem: 163 

Partial fractions: 10 and 63 

Poisson integral formula: 115 

Polya vector field: 25, 26, 27, and 83 

Pythagorean triples: 94 and 97 

Quaternions: 1, 132, 147, and 173 
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Residue theorem: 22, 116, and 153 

Riemann mapping theorem: 4, 88, 106, 129, and 179 

Riemann surface: 99, 128, and 129 

Rolle’s theorem: 64 and 127 

Roots: 50, 65, 67, 102, 109, 120, 121, 122, 140, 152, 162, 171, 174, and 178 

Rouche’s theorem: 68 and 172 

Schwarz-Christoffel transformation: 93, 159, and 164 

Series: 10, 83, 116, and 153 

Teaching: 7, 11, 24. 27, 33, 43, 74, 84, 90, 101, 102, 103, 105, 114, 123, 134, 137, 160, 
171, and 185 

Trigonometry: 80 

Winding number: 6, 51, 88, 141, and 166 

Zeros: 50, 65. 67, 102, 109, 120, 121, 122, 140, 152, 162. 171, 174, and 178 
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Answers to Selected Problems 


Section 1.1, The Origin of Compiex Numbers: page 4 


] ] ae ves 
3 = 7, = 5ST 


Section 1.2, The Algebra of Complex Numbers: page 11 
1. (a) 8-6 (c) 6-8 (e) 242) () B+ wD SV+h GH —-4 
2 @ 1 © #¥ @©® 2 @ x-y WO Gtx WD 3xy-y¥} 

5 


3 7 
& 243) ==] +S 6 = Spe 4 SS 
et) 13 13" 547 Fa 


Section 1.3, The Geometry of Complex Numbers: page 16 
1, (a) 6+ 4iand -2+ 2% (€) i2,/3 and 2 
2. (a) 10 (b) V5 (ce) 2% (d) YP t+y 
4. (a) inside (b) outside 


Section 1.4, The Geometry of Complex Numbers, Continued: page 23 
1. (a) —7n/4 (ce) 20/3 (e) —-7/3 (g) —1/6 


a 2 
(e) 4 (oo + + isin =) = sein (h) S(cos @ + isin #) = Se”, 
where 0 = arctan + 
3. (a) i (ce) 4474/3 (e) Y2-i¥2 (g) -e? 
6. Arg(iz) = Arg(z) + (1/2), Arg(—z) = Arg z — nm, Arg(—iz) = Arg(z) — (1/2), 
when z = /3 +i. 
11. All z except z = O and the negative real numbers. 


; —t —7 : 
2. (a) 4(cosx+isinnm) = 4e™ (ce) 7( cos = t i sin =) = Jeni? 


Section 1.5, The Algebra of Complex Numbers, Revisited: page 28 
2. (a) -16—i16./3 (ce) —64 
7 2 fe 2mk 
5s. /2 cos( 4 Be oe +if2 sin( = + a fork = 0, 1.2 
6. 242i, -2+42i 
8. 2eos( = +) + i2 sin( = +) fork = 0,1, 2,3 
MW. 1 —2iand-2+i 14, +iand2+i 
16. 2./3 + 2i, — 44, — 23 4+ 2i 


Section 1.6, The Topology of Complex Numbers: page 36 
2. (a) eH=t+itforOSt< 1 
(b) zt) =t+iforOZtZ1 
(d) zt) =2-t+itforO0SrS1 
3. (2) cHh=rt+irforOSrS2 
(ce) z2th=1—-—t+iH1—-— 1? forO Sr 1 
4. (a) 2(t) =cost+isint for —m/2 StS n/2 
(b) z(t) = —cost + fsint for —n/2 St S n/2 
5. (a) 2(f) =cost+isintforO StS xn/2 
(b) zt) = cost —isintforO0 St S 3n/2 
7. The sets (a), (d), (e), (fF), and (g) are open. 8. The sets (a)—(f) are connected. 
9. The sets (a). (d), (e), and (f) are domains. 10. The sets (a)—(f) are regions. 
11. The set (c) is aclosed region. 12. The sets (c), (e), and (g) are bounded. 
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Section 2.1, Functions of a Complex Variable: page 40 
1. (a) 2-12) (b) 1-33) 2 (a) 74-12% (b) 24 -4i 
j 1 2 
3. (a) 6+ = (b) > - = 5. (a) 1028 — 984i 
6. x + 2x + By — ye + -3x ~ xy + 2y) 
9, rcos 58 + recos 30 + i(resin 58_— rsin 30) 


fg 2 
10. @) 1 (b) ¢ @) +5 @ StS @ -4+4+4 
‘ 2 2 ie V2 
(f) -e& 
ll. (a) 0 (b) Fin2 +2 (c) +in3 (@) mn2+% (e) n2+2 


(f) In 5 + j arctan + 
m= in, ; iSk 
13. (a) 0 (b>) In Y24+ i (c) In2+ im (d) In2 + ae 


Section 2.2, Transformations and Linear Mappings: page 47 


1. (a) thehalfplanev>1-—u 2. the lineu = -—4 + 4, v = 6 — 3¢ 
3. (a) the disk |w - 1 — Si] <5 
4. thecirclen = -3 + 3cost—4siniv=8 + 4cost+3sint 
5. the triangle with vertices —5 — 2i and —6, 3 + 2i 
3+ 2 7+ 9i 
6. = fla) = ‘an 
ee DN 13 
7 7+ 4 
7 w=f)=-52+3-2 8B w= fl) = cet : 


Section 2.3, The Mappings w= z’ and w= z””: page 52 
3. the region in the upper half plane Im(w) > 0 that lies between the parabolas 
u = 4 ~ (v°/16) and uw = (v7/4) — 1 
4, the region in the first quadrant that lies under the parabola u = 4 — (17/16) 
7. (a) the points that lie to the extreme right or left of the branches of the 
hyperbola x? — y° = 4 


(b) the points in quadrant I above the hyperbola xy = 3, and the points in quadrant 


Il below xv = 3 

10. (a) p>lr6<o<7/4 (b) 1<p<3,0<o< 3 

(ec) p< 2,-n/2< 6 < 1/4 
11. the region in the w plane that lies to the right of the parabola u = 4 — (1°/16) 
13. the horizontal strip 1 <<v <8 
15, (a) 1<p<8,-3n/4<o< an (b) Pp > 27,20 < 6 < On/4 
16. (a) p<8,3m/4<o<T (c) p< 64, 3n/2 <6 < 20 
17. (a) p>O0O,-m/2<o< 7/3 (ce) p>O, -N/4<O< n/6 


Section 2.4, Limits and Continuity: page 58 

1 -34+5i 2 (5+ 31/2 3, -4i & 1-4 5S 1-3i 
10. (a) ¢ (b) (-3+ 4/5 (ce) 1 (da) The limit does not exist. 
12. Yes. The limit is zero. 
14. No. Arg z is discontinuous along the negative real axis. 
15. (a) forallz (b) allzexcept+i (c) all z except —1 and —2 
19. No. The limit does not exist. 
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Section 2.5, Branches of Functions: page 63 


1. (a) the sectorp > 0,1/4< 6 < n/2 (b) the sector p > 0, 5x/4 < 0 < 3n/2 
(c) the sectorp > 0, -—n/4<6< n/4 (d) the sector p > 0, 30/4 < 6 < Sn/4 
4. for example, f(z) = r'?cos(@/2) + ir'?sin(8/2), where r > 0,0 < 6 S 2n 
5. (b) the sector p > 0, —1/3 < 6 S n/3 
(c) everywhere except at the origin and at points that lie on the negative x axis 


Section 2.6, The Reciprocal Transformation w= 1/z: page 70 
| 


3. the circle |w + *| =1 
/2 7. the circle Jw — + | =+ 


1. the circle |w + 37 
5. the circle |w — 1 + é| 


[| rofn 


Section 3.1, Differentiable Functions: page 75 
1. (a) f'(z) = 1527 - 82 +7 (ec) A'(z) = 3c + 2)° for z # -2 
3. Parts (a), (b), (e), (f) are entire, and (c) is entire provided that g(z) # O for all z. 
7, (a) -4i (c) 3 (e) —-16 


Section 3.2, The Cauchy-Riemann Equations: page 83 
(ce) wy = vy = —2(y + I) anda, = ~v, = ~—2x. Then f'(z) = u, + a, = 
—2iy + 1) 4+ rx. 

2 f(z =f'(z2) = e'cosy + ie'siny 3. a@ = landb=2 

4. f(z) = i/z and f'(z) = —i/2? 

5. uy = vy = 2e?"[v cos(y? — x7) + x sin(y? — x7)], 

“= —v, = 2e™[x cos(y? — x7) — y sin(y? — x°)] 

6. (c) uv, = —e'’sin x, vy, = e'sin x, Wy = e'cos X, ~vy = —e*cos x, The Cauchy- 
Riemann equations hold if and only if both sin x = 0 and cos x = 0, which 
is impossible. 

8. uy = vy = 2x, uy = 2y, and vy, = 2y. The Cauchy-Riemann equations hold if and 


—_ 
. 


only if vy = 0. 
21 1 ] 28 ~] -1 
10... w= SS Oh ee = See 
r r r r r r 


: 2 
f@ = elu, + J = — ev "dn r + 18), 
r 


Section 3.3, Analytic and Harmonic Functions: page 92 
3. fis differentiable only at points on the coordinate axes. f is nowhere analytic. 
4. fis differentiable only at points on the circle lz = 2. fis nowhere analytic. 
5. (a) fis differentiable inside quadrants I and III. (b) fis analytic inside 
quadrants I and HI. 
8 c=-a 9 No. vis not harmonic. 
10. (a) vx, vy) = x. -— Bxv (ec) uty, y) = —e*cos x 
12, UG, y) = ae, —y), Ue, Y) = dal, my), Us, vy) = — aX, —¥) 
Uy Ax, v) = uyy(x, —y). Hence, Uyy + Uyy = yy + ty = 0. 


Section 4.1, Definitions and Basic Theorems for Sequences 


and Series: page 108 
1. (a) O (b) 1 (ec) ¢ (da) i 8 No. 12, Yes. 16. Yes. 


Section 4.2, Power Series Functions: page 114 
4. (a) R= (b) R=0 (c) R=Z 


Section 5.1, The Complex Exponential Function: page 130 
5. (b) Horizontal lines given by the equation y = & are mapped under f(z) = exp z 
lo rays having angles 8 = k with the positive real axis. In the figure, the 
horizontal lines are approximately given by y = —77/8, y = 7/4, and vy = 
3n/4, 
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Section 5.2, Branches of the Complex Logarithm Function: page 137 


(a) 
(a) 
(b) 
(a) 
(a) 
(a) 
(a) 
(a) 
(c) 


2+ in/2 (ce) In2 + 3mi/4 

In 3 + (1 + 2n)n, where xn is an integer 

In 4 + (4 + 2n)n, where n is an integer 

(e./2/2)(1 —1) (¢) 1+ -1/2 + 2n)n, where n is an integer 
(22 — Iz? -—z+2) (b) 14+ logz 

In(Q? + y?) = 2 Re(log z). Hence itis harmonic. 14. (b) No. 
No. The equation does not hold along the negative x axis. 


Az) = In |z + 2| + i arg(z + 2), where 0 < arg(z + 2) < 2n 


A(z) = In |z + 2] + iarg(z + 2), where —n/2 < arg(z + 2) < 3n/2 


Section 5.3, Complex Exponents: page 142 


=n 


1. (a) cos(In 4) + isin(In 4) (b) e * [cos(n In./2) + isin(a In ¥2)] 
(c) cos 1+ isin] 
2. (a) e7/2+20)" where n is an integer 
(b) cos[ /2(1 + 2n)m) +i sin[ /2(1 + 2n)nj, where n is an integer 
(ec) cos(1 + 4n) + i sin(] + 47), where 7 is an integer 
, Ptr -l+i, 1 | 
4. (-14 =—=, (P28 = -1,—+i- 3 
20 <f2 Qe 
6. ar! cos(a — 1)8 + iar®*-' sin(a — 1)8, where -7 << 9< 0 
13. No. I¢*” = e?""cos b2nn + fe*°™"sin b2nn, where n is an integer 
Section 5.4, Trigonometric and Hyperbolic Functions: page 151 
9. (a) cos(1 + 7) =cos1lcoshl —/sin1lsinh1 (ce) sin 2i =i sinh2 
(e) tan{ = 2! _ 1+ isinh 1 
4 cosh ] 
10. (a) [-cos(I/z)]/z2 (ce) 2z sec z? tan z” 
14. (a) z= (4 + 2n)n + 4i, where n is an integer 
(c) z= 2mn + iandz = (2n + 1)x — i, where n is an integer 
4-1? h J inh | 
23. (a) sinh(1 + im) = —sinh 1 (c) cosh( = — ee 
af 2 V2 
26. (a) z= (n/6 + 2nn)i, and z = (Sn/6 + 2nn)i, where n is an integer 
27. (a) sinhz + zcoshz (ce) tanhz + z sech?z 
Section 5.5, Inverse Trigonometric and Hyperbolic Functions: 
page 156 
1. (a) (4 + 2n)n +i In 2, where 7 is an integer 


(b) 
(c) 
(e) 
(a) 
(b) 
(c) 


(e) 


2mn + i In 3, where 7 is an integer 

(+ + 2n)n +i In(3 + 2./2), where n is an integer 

—(4 + n)n + iln J3, where 7 is an integer 

i(+ + 2n)n, where n is an integer 

In 2 + i2nn, and —In 2 + i(2n + 1)n, where n is an integer 


In. /2 + 1) + (4 + 2n)m and In(./2 — 1) + (—4 + 2n)n, where n is an 


integer 
u(t + n)n, where n is an integer 


Section 6.1, Complex Integrals: page 160 


2-3) 2 -#-6i 3 1 4 2-—arctan2 —iIn/5 
J2nl8 + §2/2 ~1 + i /2/2 -— /2n/8) 


1. 
5. 
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Section 6.2, Contours and Contour Integrals: page 173 
2. Cy: z(t) = 2 cost + i2 sint forO0 <t < n/2, Co: z(t) = —t + (2 — 1) for 
O<t<2 
3 Cy z(t) =(-24+ 9+ itforO0 <1 2, Cx: 22x(t) = t+ 2ifor0 <1 <2, 
C3: 2:(t) = 2+ (2 -nhforO<st<2 
4. (a) The Riemann sum approximation simplifies to -2 V2 + 2 = 
—0.828427. 
(b) The exact value is —3. 
6. (a) 3/2 (b) n/2 7 (a) —-32i (b) —-8ni 8 O 9 32ni 10. §-2 
11. 1 12. -1+2/3 15. -4—-—ni 16. -2ni 17. 0 18. —2e 


Section 6.3, The Cauchy-Goursat Theorem: page 188 
4. (a) 0 (b) 2ni 5. (a) 4ni (b) 2ni 6. 4ni 7. 0 
8. (a) mi/4 (b) —-ni/4 (c) 0 9% (a) O (b) -2mi 11. —4i/3 12. 0 


Section 6.4, The Fundamental Theorems of Integration: page 194 
1 $+3) 2% -1+4+ if(t+2)2] 3. i-e 4. -7/6 + if2 
6 2-i2sinhl1 7. (n/2e) — e* — i(e?n + 2/e) Bs —1 — sinh 1 + cosh 1 
10. i[1/2 - (sinh 2)/4] 11. In /2 — w/4 + (In /2 + 1/4 - 1) 
13. In J10 — In 2 + i arctan 3 = In JS5/2 + tf arctan 3 or 
In /5/2 + i(n/4 + arctan 1/2) 


Section 6.5, Integral Representations for Analytic Functions: page 199 
1, 4ui 2 mi 3. —mi/2 4, 2ni/3 6 —ni/3 7. 2ni 
9. 2ni(n — 1)! 10. (a) —ni/8 (b) e*(in/64) 11. (x — in)/8 

12. (a) na (b) —n 13. (a) imsinh! (b) imsinh1] 14. 7/2 


Section 6.6, The Theorems of Morera and Liouville and Some 
Applications: page 206 
lL (tlta(z+1-)Z-14+DN2-1-H) 2% (2-14 2z2+2-H 
3, (2+ DNZ-Dz-2+D)E-2-) 4&4 @C-DNE-1-YNe-2-) 
7. (a) 18 (b) 5 (ce) 8 @) 4 & Y1+sinh?2 9 [fQ)| < 
3!1(10) _ 20 i 3! — oy _ 35 
aie ee 10. [fO)| <= 5) 
Section 7.1, Uniform Convergence: page 213 
1. (b) Since S,@) = 1—x+ x7 -—x3+---+4 (1) 'x""!, and since the graph of 
S,({x) is above that of f(x), the last term, x”~', must have an even exponent 
(explain.), so the index must be odd. 


Section 7.2, Taylor Series Representations: page 221 
7. The series converges for allze D2(1). 14. (a) f (0) = 48 


Section 7.3, Laurent Series Representations: page 230 


1. (a) >) 2-9 for |z | <1 (b) Bese 


n=0 


bas (- 1912274 Vz2n- 3 
n=0 (2n + 1)! 


>1 


7 
< 


2. for |z| >0 6. > 


rs as Te af |e] > 0 


add = n(4y""! 
16z v=D 4qns3 fon |z| = 4, 2 gtd for |z| > 4 
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Section 7.4, Singularities, Zeros, and Poles: page 238 
1. (a) zeros of order 4 attr (¢) simple zeros at ~1 +7 
(e) simple zeros at +i and +3: = 
2. (a) simple zeros at (./3 + )/2, (- /3 + 1/2, and +i 
(c) zeros of order 2 at (1 + i/3)/2 and ~—1 


(e) simple zeros at (1 + iv/2 and(-1 + if /2, and a zero of order 4 at the 


origin 
3. (a) poles of order 3 at +i, and a pole_of order 4 at 1 
(ec) simple poles at (/3 + 1/2, (— 3 + i/2. and +/ 
(e) simple poles at +/3/ and ti//3 
4. (a) simple poles at z = nm for a = +1, +2.. 


(c) simple poles atz = nn forn = +1,+2,. . . , anda pole of order 3 at 


the origin 
(e) simple poles at z = 2nai for n = 0, £1, +2,. 


5. (a) removable singularity al the origin (c) essential singularity at the origin 


6. (a) removable singularity at the origin, and a simple pole at —1 
(c) removable singularity at the origin 
7% (-1-/)/16 8 -I4 % 3 
20. a nonisolated singularity at the origin 


21. simple poles atz = I/nn forn = +1,42,. . . , anda nonisolated singularity 


at the origin 


Section 7.5, Applications of Taylor and Laurent Series: page 243 


2. No. 
3. Yes. 
4. No. 
7. b. f'(0) = 0. £70) = 272 


Section 8.2, Calculation of Residues: page 251 


1. (a) 1 (b) 8 (ce) 1 (d) 5 2 (a) 1 (b) -4+ () 0 @ 1 
3. (a) e (b) 1/5! (ec) O 4& (a + (b) 4 (ce) 4 

5. (n+ iny/8 6. (am + in)/2 

7 (l—cosl2a 8 f 9 i2nsinh! 10. (a) O (b) ~47i/25 
11. (a) wW/3 (b) (n/63 — 473) 12. (a) -/(8Y3) (b) 1373/8 
13. (a) mi/2 (b) -ni/6 14. ni/3 15. 2ni/3 


1 2 a 
18. ag ane 2 Pee ee 
Fey ee ee ea eee ee 
22 2z ] 2 
‘ 7 es 7 
a GRO ea, ASS GE Ie 


Section 8.3, Trigonometric Integrals: page 256 
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2. 2n/3 4. W/3 6 20/9 8. 10n/27 10. 8/45 12. 10R/27 14. 40/27 


Section 8.4, Improper Integrals of Rational Functions: page 260 
2. We 4 Wis 6 w4 8 n/64 10. m/IS 12. 2n/3 


Section 8.5, Improper Integrals Involving Trigonometric Functions: 


page 264 


16e7 3\e  2e 


3n mf ‘) : T cos 2 10. T cos | 
€ 


2. Oand= 4 —> 6 a(4- 
a 


Section 8.6, Indented Contour Integrals: page 269 


1 cos 2 


5 
e 


20 4 WY3 6 wWY3 8& n1—sinl) 10. 4+ 12. n(2sin2 — sin 1) 
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Section 8.7, integrands with Branch Points: page 273 
2 on 4 Wy2 6 -n/4 8 (Inala 


Section 9.1, Basic Properties of Conformal Mapping: page 286 
1. (b) all zexceptz = = +2nnx (d) allzexceptz =O (f) all zexceptz = 1 


2. a=n,|-1]=ta=m,) >| = Sia=0.|1)=1 
3. a=0, fl] = la = —n/, ee /22; o = —n/2, 
|-i] =la=x,|-1 


5. a = —n/2, |—i sinh 1| eee a= 0. {1| = la = 1/2, |i sinh 1{ = sinh 1 


Section 9.2, Bilinear Transformations: page 294 


—-2w +2 iv - i 
i: Sige 8 iy Se edie wl 
OF Ne a at Se aa aT e disk |w| 
a as ie 
5. theset|w|>1 6 w==—- 7 w=—— 9% w=—— 
3z -i z+] l+z 
2% 


. yli< (2) = 
11. the disk |w| <1 12. S\(Sx(z)) = a3 


13. the portion of the disk || < 1 that lies in the upper half plane Im(w) > 0 


Section 9.3, Mappings Involving Elementary Functions: page 302 
1. the portion of the disk |w| < 1 that lies in the first quadrant w > 0, vy > 0 
2. {pe® 1<p<2,0<0< 7/2} 3. the horizontal strip 0 < Im(w) < 1 
4. {(atmO<u<1,-at<v<enj 9. the horizontal strip 0 < Im(v) <7 
10. the horizontal strip n/2 < ImQw) < 2 
12. the horizontal strip Iv slit along the ray u < 0, y = 0 
13. Z= 2° + 1,w = Z'”, where the principal branch of the square root Z' is used 
15. the unit disk |w| <1 


Section 9.4, Mapping by Trigonometric Functions: page 308 
1. the portion of the disk w | < 1 that lies in ine second quadrant u< 0,v > 0 
3. the right branch of the hyperbola #2 — v? = + 
5. the region in the first quadrant « > 0, v > 0 that lies inside the ellipse 

[u?/(cosh?1)) + [¥*/(sinh?])] = 1 and to the left of the hyperbola uw? — vv = 

7. (a) w/3 (b) —5n/6 
8. (a) 0.754249145 + 71.734324521 (e) 0.307603649 — 11.864161544 

10. the right half plane ReGw) > O slit along the ray v = O,u > 1 

12. the vertical strip 0 <u < n/2 

14. the semi-infinite strip —7/2 <u< n/2,vy>0 

16. the horizontal stripO<y <7 


tal— 


Section 10.2, Invariance of Laplace’s Equation and the Dirichlet 
Problem: page 321 
1, 15~9y 3, 5+ GAn2) In |z| 


Bio Mino gee a Bye Abate FT Ol iss tS pclae 
» 4-— 2 3b z — — Arg(z - 2) =4-— 
id e T 8 Tt Bl Tt pe ee 


6 3 
+ — Arctan — — Arctan 
1 r 


xt] 


-] 1 ol | 
6. —— Arg(z? + 1) + — Arg(z? — 1) = — Arctan — 
X n wT x 


1 
+ — Arctan — 
™ 


ry il 
4 Soy aa 
8. 8 — — Arctan <2 
v4 ay 
2 1+ Wz 2 erty d 
10, }-— - =]-— 
: are(# = “| = Arctan a 
1 l l-z -1 l-x-y 
12. — Argli +1) 4+—-A - 1} = — Arctan ——-—_——_; 
(1 i ) x Gee ) - ea pan eae eG 
u Lae 
+ — Arctan 


Section 10.3, Poisson’s Integral Formula for the Upper Half Plane: 
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~yr +] 


2yv-( +x" - ¥ 


page 326 
, -1"%+y c- 1 x+ ] , 
1, ope eae Arctan ——— — : Arctan — + | 
an (x + 1P + y = x+]1 
, x-1p+y , : Y 
2 =n cee Lae += Arctan —~ — = Arctan > 
2 x’ t+ y? Xt x- 1 x 


Section 10.5, Steady State Temperatures: page 336 


1 = 
2 254+50r+y) 4 OOF 2 are(: :) 


200 
6, 100 — 5 Arctan 


10. Wy 


xety-l 


l+z 


50 
8. 100 —- — Argz 
a 


2 
ig Re(Arcsin e*) 12. 50+ = Re(Arcsin 1z) 


Section 10.6, Two-Dimensional Electrostatics: page 346 


100 
1. 100+ nou |z| 
2 
40 IGG 
x + y 


0 
2. 100 — 1° art - 1) — 2 arate + 1) 


50 


50 
aa Arg(sin z — 1) + = Arg(sin z + 1) 


200 200 
5. 50+ ae Re(Arcsin z) 6, Tae Arg(sin z) 


Section 10.7, Two-Dimensional Fluid Flow: page 357 
3. (a) Speed = A|z|. The minimum speed is A|1 ~ i| = AV/2. 
(b) The maximum pressure in the channel occurs at the point 1 + i. 


5. 


(a) V(r, 8) = Ar’? sin(36/2) 


Section 10.10, Image of a Fluid Flow: page 382 


1 we=(2-1)'" 2. 


tw 
= 
It 


(zZ —~ (i + 


az 
l-a 
cai 1)!4 


Se ee 


gba 


w= 


i 


dé 


2 
(z(1 ~ z2)'2 + Arcsin z] 


-@ 
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Section 10.11, Sources and Sinks: page 392 
2. F(z) = log(z?-— 1) 3.) F(z) = log(sinz) 4. F(z) = log(sin z) 


, l-(t+ 12]. 
5. F(z) = log(2? — 1) 7 w= 22 + 1)2 + Log] ———_| + an 


l+(z4+ Dl? 
(z + 1)4 - 1 ; i+ (z+ 14 
= ve) pee AS) eo Ee 
8 w= 42+ 14+ al + D4 j (Lol ee ar 
+ 
9X we ee Arcsin z + — Y Arcsin Es + ~ 
_ ( + 1/12 
= Os v2 OT 
10. w= 2(z2+ 1) Log| Cs a 
Section Be Fourier Series: page 403 
=, sin[(2j — 14 
1 sU —————_ 
ee 7 | 
(-1)7! sin[(27 — 12] 
7 UD= SAAR ee! 
OF = (Qj — 1» 
S sinf(2j-— 1)t] 4 & sin(2(27 -— 14] 
9. == SOS DO re by, = 0 for all 
U(f) z= »> j= 1 na 2-) where 6, for all n 


Section 11.2, The Dirichlet Problem for the Unit Disk: page 409 


shaper 
1. u(r cos 9, 7 sin 6) = aS Esme Ue) 
T jai 2j - 1 
Sed 1,2)-1 = 
a. eee ene 
% y=) 2j -—1 
Section 11.4, The Fourier Transform: page 422 
sin w 
1, &(U(N) = 
sin? 
a 1 — cos w 
3. B(U() = ——— = 
Tw Tw 


Section 11.5, The Laplace Transform: page 429 


3. HUD) = 5 - = - 
AY SF 
6 4 5 
7. Be aT 
Ss So Ay 
9 & 
(e7- 25 
11. ¥((t + 19%) hens ae 
st s° 5 RY 


1 1. 
13. (te) = 3 sin St 


6 
17. ca 7 )=3 ~21 4+ 3¢2t = 6 cosh 2r 


Answers to Selected Problems 


Section 11.6, Laplace Transforms of Derivatives and Integrals: 
page 433 


1. Lisin tr) = 


3. Lisinen = te 


: l 1 l 
5, £-! = —-— + —e 
La - 5) 4 rt 


9, vt) = 2 cos 3r + 3 sin 3¢ 
11. y(t) = —2 + 2 cos 2¢ + sin 21 
13. y(t) =2+e! 


l 3 P 
1S. y= -1- ae + ze = —1 + sinht + e' 
17, yn=e"% +e! 


Section 11.7, Shifting Theorems and the Step Function: page 437 


-] ] 
lL Lle - te) = + 
(e te!) aoe ae 
y+2 
= ¢ = 2) 
5. Fis)=£ (5 rea) cos ¢ 
+ 
7 F=f Aas ae e-"cos ft + e-“sin t 
(s + ae = 
9 LUUH( 
2 — Ans 
11. ¥(U;,(t) sin — 32%) = PAT 
— g- 3 2s p-3s 
13. Ff) = | 2e Ea e 
; g- 3 oh -2s5 
15. y(t) = Us) + Ui) 
5 
17. y(t) = -e-'cos? 


19. y(t) = 2e7"*sin(t/2) 
21. yt) = Ret! 
23. y(t) = [1 — &(¢ — 2/2)] sine + C1) — sin OU) 


Section 11.8, Multiplication and Division by ¢: page 440 


a 1 
1. ¥(te-*) = G+ 2p 
2. Lense 
2 : G+ oF 
2bs 
9, (1 sin bt) = ———— 
F(t sin bt) G+ PP 


- fst) _ 2(e! — cost) 
i. £ (m(2 = +) =e 


13.0 wn) = t+ Pen! 
15. y(t) = Cre’ 

17. y(t) = Cr 

19, yOo=1-t 
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Section 11.9, Inverting the Laplace Transform: page 447 


2s +1 
Om ay (ees Oe ee 
s(s — J) 


3. -) Af 812) 5 4 26 2 et 
sis + 2)(9 — 2), 


I 1 
a sf = ;| = sin 2 
ss 2 


9. yo(s*east3) 
s-— Ss ; 
—-3 +e +e'+cosrt sint = -—3 + 2coshi + cost + sint 
15. y(t) = e ' + ev'sin 2t 
17. y(t) = e7' + cos 2¢ + Sin 2¢ 
9% ysl da 
21.) x(t) = 2e 7 — e! 


y(t) = eo! — Qe! 
23, x(f) = —e7! + te"! 
yn) = te-! 


Section 11.10, Convolution: page 454 


tr 
1 ¥YG@*en= 
(t * t) 6 
3 Le # et) = —e' + oF 
5. yp) ——) ext sila 
(s ~ Its - 2) 


7. v(t) = 1—cost 
s(s-7 + 1) 


Il. a ) = ol + &) 


13. y(t) = —tcost + sint 


f . 
15. 9 [> cost - = —__—_. 
( een ir) (+ Dor +1) 


l 
19, F(s) = and f(t) = e* 
igi 


5 
21. F(s) = ry and f(t) = —sint + sinh? 
Feo 
23. y(t) = te! 
25.0 y(t) = (-eF 2 + ee! QUT) 
27, y(t) = 120 — 967 + 367 — 8A + 4 -— 119e-' — 21 te 


7 5 
29. v(t) = et 21a a et 


“ 


COLOR PLATE 1 Newton’s method applied 
to f(z) =234+1. 


COLOR PLATE 2. The rabbit. 


COLOR PLATE 3 A zoom of the rabbit. 


COLOR PLATE 4 The Julia set for ffz) = 2? — 1.25, 


COLOR PLATE5 A disconnected Julia set. 


COLOR PLATE 6 = The Mandelbrot set (M). 


> 


COLOR PLATE7 A zoomon the upper portion of M. 


COLOR PLATE 8 A zoom on the upper portion of 


color plate 7. 
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inverse of, 287 
Binomial series, 221 
Bombeli, Rafael, 2 
Boundary 
insulated, 334, 338 
point, 33 
value problem, 314, 316, 406 
Bounded function, 205 
Bounded set, 35 
Branch 
of Arcsin, 153 
of a function, 60, 132 
integral around, 270 
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Cayley, Arthur, 116 
Chain rule, 74, 171, 281 
Charged line, 40, 342, 385 
Circle, 31, 33, 68, 169, 184, 288 
of convergence, 110 
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smooth, 30, 161 
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N-value, 314, 316 
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Disk, 32 
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Domain, 34 
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multiply connected, 176 
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ez, 125, 294 
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Entire function, 84, 205 
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Forced vibrations, 414 
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Fourier integral, 261 
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cosine series, 400 
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sine series, 400 
Fourier transform, 418, 420 
Fractal, 119 
Fresnel integral, 222, 273 
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bilinear, 287, 289, 292 
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differentiable, 71, 77, 79, 82 
domain of definition, 38 
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exponential, 125, 130 
harmonic, 85, 90, 199, 310, 407 
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linear, 43, 287 
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one-to-one, 41, 287 
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principal value of, 48, 50, 60, 132 

range of, 38, 62 
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sine, 143, 144 

stream, 351 

tangent, 143 

trigonometric, 143 

zeros of, 25, 205, 234 
Fundamental period strip, 128, 295 
Fundamental theorem 
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of integration, 189, 192 
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Gauss, Karl Friedrich, 4, 5, 11 


Gauss's mean value theorem, 201 


Geometric picture of complex numbers, 3, 5 
Geometric series, 103 
Goursat 

Cauchy's theorem, 179, 186 


Green's theorem, 177 
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Harmonic conjugate, 87, 90, 329 

Harmonic function, 85, 199, 310, 407 
applications of, 90, 310, 406 
conjugate of, 87, 329 


maximum principle for, 207 


Heat flow, 329, 330 
Heaviside expansion theorem, 446 
L'Hopital's rule, 74, 239, 248, 262 
Hyperbolic functions, 144, 148 
derivatives of, 149 
identities for, 149 


inverses of, 155 


I 
Ideal fluid, 89, 329, 349, 380 
Identity theorem 
for analytic function, 218 
for series, 218 
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of flow, 352, 360, 380 
of function, 38, 60, 62 
of source, 389 
Imaginary 
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part of complex number, 1, 10 
unit, 1,9 


Implicit differentiation, 136 


Implicit form of bilinear transformation, 289, 292 
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Implicit function, 60, 289 
Im (z), 10 
Indefinite integrals 
table of, 372 
theorem of, 189 
Indented contour integral, 265 
Inequality 
Cauchy's, 204 
ML, 172 
triangle, 15, 17, 171 
Infinity, 66, 241, 287, 292 
Initial point, 160 
Insulated boundary, 334, 338 
Integral 
around branch points, 270 
Cauchy principal value of, 257, 261, 265, 270 
Cauchy's formula, 195, 197, 216 
complex, 157 
contour, 164, 166, 168 
definite, 192 
Fourier, 261 
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improper, 256, 257, 261 


indefinite, 189 


Leibniz's rule for, 197 
line, 164, 166, 168 
Poisson, 323, 407 
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representation for f(z), 195 
table of indefinite, 372 
theorem of indefinite, 189 
trigonometric, 260, 261 
Interior of curve, 33, 176 
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of flow, 352, 380 
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Inverse of 
bilinear transformation, 287, 289, 292 
function, 41, 152, 285 
hyperbolic function, 155 
Laplace transform, 441, 445 
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Inversion mapping, 64 
Irrotational vector field, 83, 89, 350 
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point, 218 


singularity, 232 
zeros, 218 
Isothermals, 329, 330 
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Jordan curve theorem, 35 
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Joukowski airfoil, 360 
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Julia set, 116, 120 
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Lagrange's identity, 29 
Laplace's equation, 85, 312, 336, 406 
invariance of, 314 
in polar form, 93, 406 
Laplace transform, 422 
convolution, 448 
of derivatives, 430 
existence, 424 
Heaviside expansion, 446 
of integrals, 430 
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linearity, 425 


properties, 424, 429 

shifting theorem, 434 

table of, 428 

uniqueness, 425 

unit step function, 434 
Laurent series, 225, 244 
Laurent's theorem, 225 
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Leibniz's rule, 197, 220 

for integrals, 197 
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of a complex function, 53, 55, 57 
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equation of, 30, 162 

of flux, 329, 342 
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Linear 
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Lines of flux, 293, 329, 342 
Liouville's theorem, 205 
Logarithmic function 
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derivative of, 134 
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bilinear, 287, 289, 292 
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Normal derivative, 334 
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N-value Dirichlet problem, 314, 316 
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I/z, 9, 64 
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set, 34 
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pole, 233 
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Orthogonal families of curves, 90, 328, 329, 342, 351 
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Period of function, 128, 145 
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Piecewise continuous, 398 
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Poisson integral formula 
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Poisson kernel, 408 
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of order k, 233, 236, 237, 241, 247, 274 
residue at, 247 
simple, 237, 247 
at singular point, 233 
Polynomial 
coefficients of, 29 
factorization of, 206 
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roots of, 25, 205, 206 
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complex, 328, 351, 385 
electrostatic, 40, 329, 342, 385 


velocity, 329, 349, 351, 353 
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De Moivre's formula for, 25 
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Power series, 102, 109 
Cauchy product of, 220 
convergence of, 109, 111, 112 
differentiation of, 112 
division of, 240 
multiplication of, 220 
radius of convergence of, 109, 111, 112 
uniqueness of, 218 
Principal branch of 
Arg z, 19 
log z, 132 
square root, 48, 60 
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Principal nth root, 48, 51, 60 
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arg z, 19 
definite integrals, 257, 261, 265, 270 
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maximum modulus, for analytic functions, 202, 203 
Product of series, 220 
Projects, 456 
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Quotient 
of numbers, 7, 8 
of series, 240 

R 


Radius of convergence of power series, 109, 111, 112 

Range of function, 38, 62 

Rational function, 257, 274 

Ratio test, 105, 111 

Real axis, 12 

Reciprocal transformation, 64 

Region, 35 

Removable singularity, 233 

Reparameterization, 171 

Research projects, 456 

Residue, 244, 247 
applications of, 257, 260, 261, 265, 270 
calculation of, 247 


at poles, 247 


at singular points, 244 
theorem, 245 
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Riemann 
mapping theorem, 308 
sphere, 66 
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surface for log z, 137 


surface for z1/2, 63 


surface for ¥ a= ! 301 
theorem of, 241 
Risch-Normal algorithm, 254 
RLC circuit, 150 
Root 
of numbers, 26, 27 
test for series, 107, 111 
of unity, 26 
Rotation transformation, 43 


Rouche's theorem, 275 


S 
Scale factor, 285 
Schwarz-Christoffel 


formula, 370 


theorem, 370 
transformation, 370 
Sequence, 96 
Cauchy, 98 
Series 
binomial, 221 
comparison test, 101 
convergence of, 99, 107, 111, 112, 215, 225 
differentiation of, 112 
divergence of, 99 
Fourier, 231, 397 
geometric, 103 
identity theorem for, 218 


Laurent, 225, 244 
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Maclaurin, 214, 219 
power, 102, 109 
product of series, 220 
quotient of series, 240 
ratio test for, 105, 111 
representation of f(z), 109, 214 
Taylor, 214, 215, 217 
uniqueness of, 218 
Simple 
closed curve, 31, 160 
pole, 237, 247 
zero, 234 
Simply connected domain, 176 
Sine 
Fourier series, 400 
function, 143, 144, 260, 305 
inverse of, 152, 154 
Singular point, 84, 232 
essential, 233, 242 
isolated, 232, 244 
pole at, 233 


removable, 233 


residue at, 247 
Sink, 385 
sin z, 143, 144, 260, 305 
Smooth curve, 30, 161 
Solenoidal vector field, 83 
Source, 385 
image of, 389 
Sphere, 66 
Square root, 48, 50, 60, 299 
branch of, 60 
principal, 48, 60 
Riemann surface, 63 
Steady state 
part, 415 
temperatures, 329 
Stereographic projection, 66 
Streamlines, 90, 329, 351 
Strip, period, 128, 295 
Student research, 456 
Subtraction of complex numbers, 6 


Sum, partial, 99 


T 
Table 


of integrals, 372 


of Laplace transforms, 428 
Tangent vector, 161, 281, 370 
tan z, 143, 148, 304 
Tartaglia, 1, 2 
Taylor series, 214, 215, 217 
Taylor's theorem, 215 
Temperature, steady state, 329 
Terminal point, 160 
Transformations 

bilinear, 287, 289, 292 

composition, 295, 304 

conformal, 281, 317, 333, 352 

by exp z, 294 

Fourier, 418, 420 

inversion, 64 

Laplace, 424 

linear, 42, 287 

by log z, 133, 135, 297 

MObius, 287, 289, 292 

by 1/z, 64 

reciprocal, 64 

rotation, 43 

Schwarz-Christoffel, 370 


by sin z, 305 


by trigonometric functions, 303 
by zn, 47, 51, 285, 298 
by zl, 47, 49, 52, 61, 63, 299 
Transient part, 415 
Translation, 42 
Triangle inequality, 15, 17 
for integrals, 171 
Trigonometric functions, 143 
derivatives of, 143, 144 
identities for, 146 
integrals of, 25254, 26062 
inverses of, 152, 154, 335 
mapping by, 303 
zeros of, 145 
Two-dimensional 
electrostatics, 342, 385 
fluid flow, 89, 349, 380, 385 


mathematical models, 327, 342, 349, 385 


U 

Unbounded set, 35 

Undamped, 412 

Uniform convergence, 208 
Uniqueness of power series, 218 


u(x, y), 38, 77, 79, 157, 329 


Vv 
Veblen, Oswald, 35 
Vector field 
irrotational, 83, 350 
solenoidal, 83 
Vector form of a complex number, 12 
Velocity 
of fluid, 89, 349, 351, 353 
potential, 351 
Vibrations in mechanical systems, 412 
Damped system, 414 
Forced, 414 


v(x, y), 38, 77, 79, 157, 329 
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Wallis, John, 3, 5 
Weierstrass M-test, 210 


Winding number, 277 


Z 

zn, 24, 47 

zl/n, 26, 27, 51 

zc, 138 

1/z, 9, 64 

Zero 
of a function, 25, 205, 234, 274 
isolated, 218, 274 
of order k, 234, 236, 274 
of polynomial, 25, 29, 205, 206 
simple, 234 
of trigonometric function, 145 


Z-transform, 232 


